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Abstract 
Angiosperms are one of the most dominant groups on Earth, and 
have fundamentally changed global ecosystem patterns and 
function. Therefore, unravelling their evolutionary history is key to 
understanding how the world around us was formed, and how it 
might change in the future. In this thesis, I use genome-scale data to 
investigate the evolutionary patterns and timescale of angiosperms at 
multiple taxonomic levels, ranging from angiosperm-wide to genus-
level data sets.  
I begin by using the largest combination of taxon and gene 
sampling thus far to provide a novel estimate for the timing of 
angiosperm origin in the Triassic period. Through a range of 
sensitivity analyses, I demonstrate that this estimate is robust to 
many important components of Bayesian molecular dating.  
I then explore tactics for phylogenomic dating using multiple 
molecular clocks. I evaluate methods for estimating the number and 
assignment of molecular clock models, and strategies for partitioning 
molecular clock models in analyses of multigene data sets. I also 
demonstrate the importance of critically evaluating the precision in 
age estimates from molecular dating analyses.  
Finally, I assess the utility of plastid data sets for resolving 
challenging phylogenetic relationships, focusing on Pimelea Banks & 
Sol. ex Gaertn. Through analysis of a multigene data set, sampled 
from many taxa, I provide an improved phylogeny for Pimelea and its 
close relatives. I then generate a plastome-scale data set for a 
representative sample of species to further refine the Pimelea 
 2 
 
phylogeny, and characterise discordant phylogenetic signals within 
their chloroplast genomes. 
The work in this thesis demonstrates the power of genome-
scale data to address challenging phylogenetic questions, and the 
importance of critical evaluation of both methods and results. Future 
progress in our understanding of angiosperm evolution will depend 
on broader and denser taxon sampling, and the development of 
improved phylogenetic methods. 
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Chapter 1 — General Introduction  
1.1. The evolutionary history of flowering plants  
The diversity and interactions of life on Earth have long been of 
scientific interest.  Quantifying biodiversity and the timescale over 
which it arose allows inferences about the biological history of the 
planet to be made, and can provide insight into how ecosystems 
might change in response to events such as climate change (Thuiller 
et al. 2011; Bellard et al. 2012).  Flowering plants (angiosperms) 
have been of particular focus because of their important economic 
and cultural roles within society, as well as their ubiquity and 
importance within natural ecosystems.  Specifically, angiosperms 
sequester large amounts of carbon from the atmosphere, and act as 
primary producers of food for many animal groups, with their spread 
and appearance shaping habitat structure globally (Brodribb and 
Feild 2010; Magallón 2014).  In addition, angiosperms have 
developed important mutualistic relationships with many groups of 
organisms, such as pollination interactions with insects, birds, and 
small mammals (van der Niet and Johnson 2012; Rosas-Guerrero et 
al. 2014).   
However, to properly quantify the extent and impact of groups 
such as angiosperms, biological entities must first be recognised and 
described into distinct groups such as species, and, ideally, placed 
into higher-order classifications.  The goal is to recognise groups that 
contain only the descendants of a common evolutionary ancestor 
(monophyletic groups), which represent natural evolutionary groups.   
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For most of history, biological groups and the relationships 
between them have been recognised through observations of the 
form and structure of organisms.  When these features are shared 
between two or more taxa after being inherited from their most recent 
common ancestor, they are known as synapomorphies.  In addition 
to aiding the classification of extant taxa, these morphological 
features are also able to link extant and extinct diversity through 
comparison with the fossil record, which can suggest a timescale of 
evolution.  However, analysis of morphological data sets often cannot 
reliably distinguish between competing taxonomic hypotheses 
because of a lack of informative characters, or can be misled by the 
independent evolution of similar traits in organisms that are not 
closely related (convergent evolution).  Morphological data have 
been supplemented by molecular data since the inception of 
molecular phylogenetics in the mid-20th Century.   
Molecular data typically comprise sequences of the nucleotides of 
DNA, or the amino acids that they encode.  Each nucleotide or amino 
acid within a sequence represents a character that can be used for 
phylogenetic analysis.  Therefore, molecular data sets can contain 
millions of characters for phylogenetic reconstruction, which makes 
such data sets especially useful for evaluating the taxonomic 
hypotheses that have been suggested by morphology.  Analysis of 
molecular data is also useful for estimating the evolutionary timescale 
of organisms using molecular clocks (Lee and Ho 2016), especially 
for groups with poor fossil records. 
Both morphological and molecular data have been used 
extensively to evaluate the diversity of angiosperms.  Angiosperms 
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are among the most species-rich groups of organisms on the planet, 
and are by far the largest group of plants.  The exact number of 
species is difficult to determine because of high amounts of 
taxonomic synonymy, and the fact that many species potentially 
remain to be discovered (Bebber et al. 2010; Pimm and Joppa 2015).  
Despite this, we can be fairly certain that there are at least 350,000 
species of angiosperms, and probably c.  400,000 in total (Pimm and 
Joppa 2015).  As expected in a group of this size, there is extreme 
variation in morphology, life history characteristics, and growth form.  
Angiosperms variously exist as herbaceous annuals, vines, lianas, 
shrubs or trees, and can be found growing in aquatic or terrestrial 
environments, or even growing on and/or parasitising other plants.   
Similarly, there is large variation in genome size and content 
within angiosperms.  For example, it is estimated that throughout 
their evolutionary history over 70% of angiosperms have had an 
increase in the number of copies of chromosomes contained within 
each cell (ploidy level) from the typical diploid state (Levin 2002).  
Most of the functions essential for growth and development are 
controlled by genes located within the cell nucleus, which are 
collectively known as the nuclear genome.  Paris japonica Franch., a 
small herbaceous plant native to Japan, has the largest accurately 
measured genome known to science (Pellicer et al. 2010).  At nearly 
150 billion nucleotides, its octoploid genome is more than 50 times 
larger than the human genome, and nearly 2500 times larger than 
the smallest known plant nuclear genome of Genlisea tuberosa 
Rivadavia, Gonella & A.Fleischm., a carnivorous angiosperm from 
Brazil (Fleischmann et al. 2014).   
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Plant cells also contain specialised organelles known as 
chloroplasts and mitochondria, which are responsible for the 
essential processes of photosynthesis and cellular respiration, 
respectively.  Both of these organelles are predominantly 
uniparentally inherited and contain their own independent genomes, 
which is thought to be because of their origins as free-living 
organisms that were engulfed by early eukaryotic cells in separate 
endosymbiotic events (Sagan 1967; Schwartz and Dayhoff 1978).  
The chloroplast genome varies substantially among angiosperms, 
with the order of genes differing between groups, and with some 
genes being lost completely.  For example, the chloroplast genome is 
drastically reduced in many parasitic plants, with many genes 
important for photosynthesis having been lost (Bungard 2004).   
The mitochondrial genome of plants is more enigmatic, and is 
disproportionally less studied than the nuclear and chloroplast 
genomes.  Plant mitochondrial genomes are large compared with 
animal mitochondrial genomes, and their content is highly dynamic, 
with many gene gains, losses, transfers, duplications and 
rearrangements, as well as a large proportion of repeated elements 
and introns (Kitazaki and Kubo 2010; Galtier 2011).  Of direct 
importance for reconstructing the evolutionary history of plants is that 
the three genomes have very different nucleotide substitution rates.  
The nuclear genome evolves at the highest rate, the chloroplast 
genome evolves at an intermediate rate, and, in contrast to its 
dynamic nature, the mitochondrial genome has by far the lowest 
evolutionary rate (Wolfe et al. 1987). 
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The global dominance of angiosperms indicates that they are 
ideally adapted to exist within many different habitats, and their great 
morphological and genomic variation suggests a history of varied 
selective pressures.  This has long challenged those who have 
sought to quantify how such a diverse group arose over a 
supposedly short period of time.  Indeed, the traditional view is that 
angiosperms originated in the early Cretaceous. The subsequent 
appearance of fossils with highly diverse morphologies, over what 
was apparently an extremely rapid timescale, was famously 
described by Darwin as an “abominable mystery” in a letter to Joseph 
Hooker in 1879 (first published in Darwin and Seward 1903).   
To understand fully the evolutionary history of angiosperms, their 
diversity needs to be characterised in a phylogenetic context.  This 
approach indicates whether key traits for success are clade-specific, 
or have evolved multiple times in parallel.  Additionally, incorporating 
temporal information into these analyses can allow inferences to be 
made about the environmental conditions that might have driven 
angiosperm diversification.   
In this chapter, I begin by discussing our understanding of the 
relationships among the major seed plant lineages, and the 
importance of this for reconstructing the origin of flowers.  I then 
discuss the relationships of the major lineages within Angiospermae, 
and examine estimates of the evolutionary timescale of angiosperms. 
I propose a number of the future directions that are likely to improve 
our understanding of the evolutionary history of angiosperms. 
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1.2. Higher relationships of angiosperms and the 
origin of flowers 
Angiosperms are recognised as members of the superdivision 
Spermatophyta along with cycads, conifers, gnetophytes, and 
Ginkgo.  The last four extant cone-bearing lineages are known as 
acrogymnosperms, whereas extant and extinct cone-bearing 
lineages combined are known as gymnosperms (Cantino et al. 
2007).  The five extant spermatophyte lineages are united by the 
synapomorphy of seed production.  Estimates of the number of seed 
plant species vary, but are consistently in the region of many hundred 
thousand species (Govaerts 2001; Scotland and Wortley 2003).  
Among other potential factors, the success of these lineages is 
perhaps due to the diversification of regulatory genes important for 
seed and floral development following ancient whole-genome 
duplication events along the lineages leading to seed plants and 
angiosperms (Jiao et al. 2011).   
Angiosperms can be readily distinguished from gymnosperms 
through a suite of synapomorphies.  These include the presence of 
flowers with at least one carpel, which develop into fruit (cf. the 
“naked” seeds of gymnosperms); stamens with two pairs of pollen 
sacs (cf. the larger, heavier corresponding organs of gymnosperms); 
a range of features of gametophyte structure and development, 
including drastically reduced male and female gametophytes 
compared with gymnosperms; and phloem tissue with sieve tubes 
and companion cells (cf. sieve cells without companion cells in 
gymnosperms) (Doyle and Donoghue 1986; Soltis and Soltis 2004).  
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The production of endosperm through double fertilisation was 
previously considered to be a further synapomorphy of angiosperms, 
but this phenomenon has also been observed in some gnetophyte 
lineages (Friedman 1992; Carmichael and Friedman 1996).   
Collectively, the synapomorphies of angiosperms are thought to 
be responsible for providing the evolutionary advantages that led to 
their global dominance, which coincided with a decline in 
gymnosperm diversity (Bond 1989).  However, to reconstruct the 
evolution of these characters and evaluate their importance for 
angiosperm evolution, it is necessary to determine which lineage of 
seed plants is most closely related to angiosperms.  The majority of 
earlier studies focused on evaluating the seed plant phylogeny, 
including determining the sister lineage to angiosperms, using 
comparative morphology to assess homology of the reproductive and 
vegetative structures of the seed plant lineages (e.g., Doyle and 
Donoghue 1986).   
One major hope was that determining the sister lineage to 
angiosperms might prove especially useful for inferring the origin and 
structure of the first flowers.  Throughout the 20th century, the two 
main hypotheses for the origin of flowers were that they evolved from 
branched, unisexual reproductive structures found in most 
gymnosperms ("pseudanthial" theory, Wettstein 1907), or that 
flowers evolved from bisexual, flower-like structures, such as in the 
extinct group Bennettitales ("euanthial" theory, Arber and Parkin 
1907). The inferred homology of morphological structures 
consistently suggested that gnetophytes were the extant sister 
lineage to angiosperms, with several potential close (non-
 10 
 
angiosperm) fossil relatives.  Specifically, various features of wood 
anatomy and flower-like structures seemed to suggest a close 
relationship between angiosperms, gnetophytes, and the extinct 
order Bennettitales, with this group being the sister lineage to the rest 
of the gymnosperms (Crane 1985; Doyle and Donoghue 1986).  
Therefore, based on the strength of morphological evidence, the 
euanthial theory was the most popular view in the 20th Century.   
The acceptance of the euanthial theory, coupled with the 
predominance of Cretaceous Magnolia-like fossils at the time, led to 
suggestions that the ancestral flowers were similar to present-day 
magnolias.  This implies that magnolias and their close relatives were 
some of the earliest-diverging angiosperm lineages (Endress 1987).  
However, most molecular phylogenetic studies from the 1990s 
onwards have recovered different relationships between the extant 
seed plant lineages.  The dominant theme in these modern studies is 
that all extant gymnosperm lineages form a monophyletic sister 
group to angiosperms (Chaw et al. 1997; Bowe et al. 2000; Chaw et 
al. 2000; Ruhfel et al. 2014; Wickett et al. 2014) (Figure 1.1).  
Particularly strong evidence has emerged for a close relationship 
between gnetophytes and conifers (Qiu et al. 1999; Winter et al. 
1999).  Indeed, the evidence seems to suggest that gnetophytes 
might even be nested within conifers and the sister group to 
Pinaceae (Bowe et al. 2000; Chaw et al. 2000; Zhong et al. 2010).   
Overall, because none of the extant gymnosperm lineages is 
more closely related to angiosperms than to other gymnosperms, 
they cannot directly inform hypotheses on the homologies of 
angiosperm characters, or on the sequence of development of these  
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characters (Doyle 2012).  Therefore, while the relationships among 
the major seed plant lineages have been largely resolved, the 
structural origin of flowers, and the affinity of the earliest flowers to 
modern species, remains controversial.  Progress in this area is likely 
to be achieved through improved understanding of the relationships 
among the major angiosperm groups. 
1.3. Major relationships within Angiospermae 
The major relationships within angiosperms have historically proved 
difficult to determine, and have long been in a state of flux.  This has 
largely been due to differing ideas of the characters, initially 
morphological but later molecular, needed to reconstruct the 
angiosperm phylogeny.  An early discovery was that flowering plants 
have either one or two embryonic leaves (Ray 1686–1704).  While 
John Ray was the first to observe this dichotomy, he later followed 
Marcello Malpighi in referring to these leaves as ‘cotyledons’.  
Accordingly, flowering plants with one cotyledon have subsequently 
been referred to as monocotyledons or ‘monocots’, and those with 
two cotyledons have been called dicotyledons or ‘dicots’. 
Although the most widely known early classification scheme by 
Linnaeus was based solely on floral reproductive characters, the 
division into monocots and dicots has since been recognised as an 
important diagnostic feature to inform classification, with varying 
implications for the angiosperm phylogeny.  A minority of early 
authors argued that some key morphological differences between 
monocots and dicots, such as vascular bundle anatomy, were 
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irreconcilable with a monophyletic origin of angiosperms.  Instead, 
these authors argued that angiosperms should be recognised as a 
polyphyletic group (= derived from more than one common 
evolutionary ancestor) (e.g., Meeuse 1972; Krassilov 1977).  
However, the predominant view was that angiosperms are 
monophyletic, and the division into monocots and dicots constitutes a 
natural split within flowering plants. This was echoed in many 
angiosperm classification systems developed in the 20th century, 
including the highly influential Takhtajan (1980) and Cronquist (1981) 
systems. 
To infer the evolutionary relationships within monocots and 
dicots, many cladistic analyses were undertaken in the latter half of 
the 20th century using pollen, floral, and vegetative characters.  This 
approach led to many informal subgroups being proposed.  For 
example, Donoghue and Doyle (1989b) recognised five major groups 
of angiosperms, corresponding to Magnoliales, Laurales, 
Winteraceae-like plants, ‘paleoherbs’ (‘primitive’ herbaceous lineages 
including water lilies and Amborella), and plants with tricolpate pollen. 
Although the constituent members of the subgroups varied across 
studies, the recognition of tricolpates as a monophyletic group was a 
consistent finding (e.g., Donoghue and Doyle 1989b; Donoghue and 
Doyle 1989a), leading to suggestions that dicots had multiple 
evolutionary origins (Endress et al. 2000; Endress 2002).  Indeed, 
stratigraphical studies in which triaperturate pollen (tricolpate) fossils 
were consistently found to originate in younger sediments than both 
monocots and non-tricolpate dicots had already hinted that dicots did 
not form a monophyletic group (Doyle 1969).  Consequently, Doyle 
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and Hotton (1991) chose to recognise tricolpates as distinct from the 
rest of the dicots, coining the term ‘eudicots’ for this group. 
Taxonomic concepts for the major angiosperm groups have 
changed over time, which makes it difficult to chronicle concisely the 
changing opinions about the earliest-diverging angiosperms.  For 
example, the group Magnoliidae now has a very different 
circumscription compared with the past, so statements in earlier 
studies regarding the relationships between magnoliids and other 
groups might no longer be applicable.  Nevertheless, it is clear that 
the most common view historically was that Magnolia-like flowers 
probably occupied a position at or near the root of the angiosperm 
phylogeny.  However, there were other suggestions for the earliest-
diverging angiosperm lineages, including Piperales+Chloranthales, 
several of the lineages in the formerly recognised paleoherb group, 
or even monocots (Burger 1977, 1981).   
Attempts to clarify the relationships within the angiosperm 
phylogeny have since been greatly strengthened by the inclusion of 
molecular data.  Some aspects of early classification schemes based 
on morphology have been strongly supported by molecular data 
(reviewed by Endress et al. 2000; Endress 2002).  For example, the 
key concepts of the monophyly of angiosperms, monocots and 
eudicots, the polyphyly of dicots, and the position of magnoliids as an 
early diverging angiosperm lineage, were all further supported by 
molecular data (Endress et al. 2000).  However, many molecular 
estimates of angiosperm evolutionary relationships have contradicted 
estimates based on morphological data.  For example, molecular 
data have firmly resolved the family Hydatellaceae within 
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Nymphaeales, rather than within Poales as former morphology-
based studies had concluded (Saarela et al. 2007).  Molecular data 
have also helped to clarify the extent of convergent evolution within 
angiosperms, such as C4 photosynthesis evolving independently at 
least 60 times (Sage et al. 2011).   
Arguably the most important finding from analyses of molecular 
data has been the rooting of the angiosperm phylogeny.  Consensus 
was not immediate, with disagreements being found among the 
results of molecular analyses, depending on the choice of molecular 
markers.  An influential early attempt with molecular data to resolve 
the seed plant phylogeny and, necessarily, to determine the earliest-
diverging angiosperm lineage, analysed sequences for the 
chloroplast rbcL gene from nearly 500 seed plant taxa using 
maximum parsimony (Chase et al. 1993).  In this case, the 
widespread aquatic genus Ceratophyllum was found to be the sister 
lineage to all other flowering plants.  However, this has subsequently 
been found to be an anomalous result seemingly unique to single-
gene parsimony analyses of rbcL.  A series of studies in 1999 found 
that the monotypic genus Amborella is strongly supported as being 
the sister lineage to all other flowering plants (Mathews and 
Donoghue 1999; Parkinson et al. 1999; Qiu et al. 1999; Soltis et al. 
1999), and this finding has subsequently been supported by nearly 
all large multigene analyses (Moore et al. 2007; Soltis et al. 2011; 
Ruhfel et al. 2014; Wickett et al. 2014), with some notable exceptions 
(Goremykin et al. 2013; Xi et al. 2014; Goremykin et al. 2015).  
These studies have also revealed that the base of the angiosperm 
phylogeny constitutes a grade of several successive lineages, 
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originally referred to as the ANITA 
(Amborella/Nymphaeales/Illiciaceae-Trimeniaceae-Austrobaileya) 
grade, but now known as the ANA 
(Amborella/Nymphaeales/Austrobaileyales) grade. 
The remaining ~99.95% of angiosperms are collectively referred 
to as Mesangiospermae (clade names here are standardised to 
Cantino et al. 2007).  Within this group, five major lineages are 
recognised: Chloranthales, Magnoliidae, Ceratophyllales, monocots, 
and eudicots (Cantino et al. 2007).  Unfortunately, despite large 
increases in the amount of available genetic data and improved 
analytical techniques, the relationships among these mesangiosperm 
groups have remained uncertain (Figure 1.2).  When analysing 
chloroplast genome sequences, the most common finding is that 
eudicots+Ceratophyllum form the sister group to monocots, with 
these three lineages being the sister group to 
magnoliids+Chloranthales.  Large nuclear DNA data sets, which 
have only become available in recent years, tend to resolve different 
relationships.  For example, they have supported a sister relationship 
between eudicots and magnoliids+Chloranthales, with monocots 
being the sister group to these three lineages (Wickett et al. 2014).  
However, the number and choice of nuclear DNA markers can affect 
inferred relationships within Mesangiospermae.  For example, 
analysis of a selection of 59 low-copy nuclear genes inferred a 
grouping of Ceratophyllum+Chloranthales and eudicots, with 
successive sister relationships to magnoliids and monocots (Zeng et 
al. 2014).  Additionally, the choice of phylogeny reconstruction  
  
 17 
 
 
  
Figure 1.2. A comparison of several different estimates of the relationships 
among eudicots, magnoliids, monocots, Ceratophyllum, Chloranthales, and 
ANA-grade angiosperms, based on the comparison presented in Zeng et al. 
(2014). The different topologies represent findings from studies using nuclear 
DNA (nrDNA), chloroplast DNA (cpDNA), mitochondrial DNA (mtDNA), and a 
combination of morphological and molecular data. A sample of suitable 
references for the topologies are as follows: (a) Zhang et al. (2012); (b) Moore et 
al. (2011); Zeng et al. (2014); (c) Chapter 2; Moore et al. (2007); Moore et al. 
(2010); (d) Qiu et al. (2010); (e) Endress and Doyle (2009). 
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method can lead to the estimation of different topologies (Xi et al. 
2014). 
Nevertheless, despite conflicting topologies sometimes being 
inferred, we currently have an understanding of the angiosperm 
phylogeny that is greater than at any other time in history.  The power 
of molecular data and modern probabilistic methods to resolve the 
historically challenging relationships among flowering plants is now 
well established.  In response to the rapid advances in the field, a 
cosmopolitan consortium of researchers regularly collaborate to 
release timely summaries of the state of knowledge of the 
angiosperm phylogeny (Angiosperm Phylogeny Group 1998, 2003; 
Angiosperm Phylogeny Group 2009; Angiosperm Phylogeny Group 
2016).  We now have a viable framework to allow fields related to 
phylogenetics to flourish and provide a greater understanding of the 
important evolutionary steps that have contributed to the 
overwhelming success of angiosperms, such as through evolutionary 
developmental biology (evo-devo) studies (Preston and Hileman 
2009).  However, to gain a fuller understanding of the evolutionary 
history of angiosperms, it is necessary to know more than just the 
relationships among the major flowering plant groups; a reliable 
estimate of the angiosperm evolutionary timescale is also needed. 
1.4. Evolutionary timescale of angiosperms 
To understand how angiosperms came to dominance, including how 
the crucial morphological traits that led to their success first evolved, 
it is necessary to have some idea of the timescale of angiosperm 
evolution.  Traditionally, the evolutionary timescale of organisms has 
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been elucidated through study of the fossil record.  In this approach, 
the first appearance of each taxon in the fossil record, as determined 
by morphology, provides an indication of when it first evolved.  When 
considering the fossil record, it is important to distinguish between 
“crown” and “stem” groups. A crown group is the least inclusive 
monophyletic group that contains all extant members of a clade, as 
well as any extinct lineages that diverged after the most recent 
common ancestor of the clade (Magallón and Sanderson 2001). In 
contrast, a stem group is the most inclusive monophyletic group that 
contains all extant members of a clade, as well as any extinct 
lineages that diverged from the lineage leading to the crown group 
(Magallón and Sanderson 2001).  
The fossil record of seed plants is ancient, with the oldest fossils 
of progymnosperms occurring in sediments from the Late Devonian, 
~365 million years ago (Ma) (Fairon-Demaret and Scheckler 1987; 
Rothwell et al. 1989; Fairon-Demaret 1996).  The fossil record of 
gymnosperms is rich, with fossils becoming common from the Late 
Carboniferous to Early Triassic (Magallón 2014), and revealing an 
extinct diversity far greater than the extant diversity. Unfortunately, 
the fossil record of angiosperms is not as extensive or informative.   
The oldest known fossils that can probably be assigned to the 
stem group of angiosperms are pollen microfossils, and have 
suggested that angiosperms arose as early as 247.2–242.0 Ma 
(million years ago) (Hochuli and Feist-Burkhardt 2013).  Monosulcate 
columellate tectate pollen fossils (microfossils of angiospermous 
affinity) suggest that crown-group angiosperms first appeared in the 
Valanginian to early Hauterivian (Early Cretaceous, ~139.8–129.4 
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Ma), albeit in sparse amounts, followed by an increase in 
angiospermous microfossils occurring by the Barremian (~129.4–125 
Ma) (Doyle 2012; Herendeen et al. 2017).  There is a noticeable 
disparity in the number and presence of fossils between lineages, 
particularly at the family level and below, with many excellent fossils 
being present for some groups but none for others (Magallón 2014).   
While fossil data have traditionally provided the only source of 
information about the evolutionary timescale of major groups, 
molecular dating techniques provide a compelling alternative, 
especially for groups that lack fossils.  In these approaches, 
evolutionary timescales can be estimated using phylogenetic 
methods based on molecular clocks.  When the concept of the 
molecular clock was first proposed, evolutionary change was 
assumed to correlate linearly with time and to remain constant across 
lineages (“strict” molecular clock) (Zuckerkandl and Pauling 1962).  
However, it has since become clear that strictly clocklike evolution is 
the exception, rather than the rule (Welch and Bromham 2005).   
Rates of molecular evolution vary substantially across vascular 
plant lineages (Soltis et al. 2002), and are often strongly correlated 
with life history strategies.  For example, substitution rates in 
herbaceous annual lineages of angiosperms are known to be 
substantially higher than in woody perennial plants (Smith and 
Donoghue 2008; Lanfear et al. 2013).  Consequently, a variety of 
molecular clock models have been developed to account for 
evolutionary rate variation among lineages (Ho and Duchêne 2014).  
Fossil data are still intricately linked with these methods, because 
fossils are used to provide temporal information to calibrate the 
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molecular clock, thereby providing absolute rather than relative ages 
of nodes.  For example, in Bayesian analyses, temporal information 
is incorporated through calibrations priors, which can take the form of 
a variety of probability distributions (Ho and Phillips 2009).  In the 
absence of fossils for a particular group being studied, biogeographic 
events and rate estimates from other groups can be used as 
calibrations, but these are subject to a wide range of errors (Ho et al. 
2015b).   
Collectively, molecular dating studies have yielded remarkably 
disparate estimates for the age of crown-group angiosperms 
(summarised in Chapter 2; Bell et al. 2010; Magallón 2014)).  Inferred 
ages have ranged from the extreme values of 86 Ma (when 
considering only the 3rd codon positions of rbcL; Sanderson and 
Doyle 2001) to 332.6 Ma (Soltis et al. 2002).  Most age estimates fall 
between 140 and 240 Ma, but this still represents a substantial 
amount of variation.  Additionally, the earliest analyses found that 
crown-group angiosperms were considerably older than implied by 
the fossil record, in some cases by more than 100 million years 
(Martin et al. 1989).  Smaller disparities between molecular and fossil 
estimates were obtained in later studies (e.g., Sanderson and Doyle 
2001). However, some more recent estimates have tended to 
support a more protracted timescale for angiosperm evolution (e.g., 
Chapter 2; Smith et al. 2010), echoing the results of the earliest 
molecular studies. 
Progress in molecular dating can be characterised in terms of 
increasing methodological complexity and improving sampling of taxa 
and genes (Ho 2014).  A persistent problem, however, has been the 
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need for a trade-off between taxon sampling and gene sampling.  
Low gene sampling has been typical of studies of angiosperm 
evolution, albeit with some other exceptions, including the 12 
mitochondrial genes analysed by Laroche et al. (1995), 58 
chloroplast genes analysed by Goremykin et al. (1997), 61 
chloroplast genes analysed by Moore et al. (2007), and the 83 
chloroplast genes analysed by Moore et al. (2010). However, most of 
these studies had sparse angiosperm taxon sampling.  Among the 
few other studies that have included more than 50 taxa, the largest 
number of genes sampled was five.  The largest taxon samples have 
been those of Zanne et al. (2014), which used a staggering 32,223 
species, and Magallón et al. (2015), which included 792 angiosperm 
taxa and one of the largest samples of fossil calibration points ever 
used.  An exception to the above trade-off between taxon and gene 
sampling is the study detailed in Chapter 2, which analysed 76 
chloroplast genes from 193 angiosperm taxa.   
The most controversial aspect of angiosperm molecular dating 
studies has been an apparent incongruence between molecular 
estimates and those extrapolated purely from fossil occurrence data.  
Many modern molecular dating estimates without strongly informative 
temporal calibrations tend to suggest that crown-group angiosperms 
arose in the early to mid-Triassic (Figure 1.3) (Chapter 2), which 
implies a considerable gap in the fossil record (Doyle 2012). This 
contradicts the claim that the evolutionary history of crown-group 
angiosperms is well represented in the fossil record (Magallón 2014), 
despite several lines of evidence supporting this suggestion: the 
gradual increase in abundance, diversity, and distribution of fossil  
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angiosperms; the ordered progression of both morphological and 
functional diversification; and the agreement between the 
stratigraphic record and molecular data in the sequential appearance 
of angiosperm lineages.   
If the fault lies instead with the molecular estimates, then it has 
been suggested that the substantial disparity between molecular and 
fossil-based estimates of the age of crown angiosperms might be a 
result of the choices of molecular markers, taxa, calibrations, or 
models of rate variation (Magallón 2014). Particular blame has been 
placed on the inability of molecular dating methods to account 
properly for non-representative sampling of angiosperms and life 
history-associated rate heterogeneity (Beaulieu et al. 2015).   
However, comprehensive investigations of the impact of models, 
priors, and gene sampling on Bayesian estimates of the angiosperm 
evolutionary timescale, using a genome-scale data set and 
numerous, widely distributed fossil calibrations, have still yielded 
remarkably robust estimates of a Triassic origin of crown-group 
angiosperms (Chapter 2). This implies a long period of no 
angiosperm fossilisation, or that fossils of this age simply remain to 
be discovered (but see Wang et al. 2007; Gang et al. 2016).  
Despite the disparate estimates for the origin of crown-group 
angiosperms, the timescale of evolution within this group is beginning 
to be understood with increased precision.  Of particular note is that 
estimates for the origin of most modern angiosperm orders seem to 
be consistent regardless of the age inferred for the angiosperm 
crown group (Chapter 2; Magallón et al. 2015). Ordinal diversification 
is most commonly estimated to have begun in the early Cretaceous, 
 25 
 
and is concentrated predominantly from this time through to the mid-
Cretaceous (Chapter 2; Magallón et al. 2015). Modern angiosperm 
families are estimated to have originated steadily from the early 
Cretaceous, with the peak of family genesis occurring from the late 
Cretaceous to the early Paleogene (Magallón et al. 2015). During this 
time, the supercontinent Pangaea largely completed its breakup into 
the continents of the present day. Concurrently, there were dramatic 
shifts in climate, with global temperatures and CO2 levels far higher 
than in the present day (Hay and Floegel 2012). These changes, 
particularly in temperature, would have had significant impacts on the 
levels and efficiency of photosynthesis (Ellis 2010; Hay and Floegel 
2012). Selective pressures would have been high, ultimately 
influencing the evolution of angiosperms and, presumably, other taxa 
that interacted with them. 
1.5. Future directions for angiosperm research 
The substantial diversity and global dominance of flowering plants 
have puzzled and intrigued many researchers throughout history.  
The classification of angiosperms has long proved difficult because of 
the monumental size and such varied morphologies within this group.   
Subsequently, the key evolutionary innovations that first occurred to 
produce flowers, as well as the reasons for the overwhelming 
success of angiosperms, have historically been obscured.  
Therefore, it is reasonable to surmise that for most of history, the 
relationship of angiosperms to other seed plants, the relationships 
within angiosperms, the timescale of angiosperm evolution, and the 
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reasons for the relative success of angiosperms compared to 
gymnosperms were all largely unknown or not understood. 
Thankfully, we have now made great progress in the quest to 
answer these questions.  Work remains to identify potential stem-
group relatives of seed plants, but we now have reliable estimates of 
the phylogeny of extant seed plants.  However, the most widely 
accepted seed plant phylogeny suggests that no extant gymnosperm 
lineage preserves the evolutionary steps that led to the origin of the 
first flowers.  Therefore, in some respects the resolution of the seed 
plant phylogeny has been somewhat of a disappointment for those 
wanting to reconstruct the development of the flower (Doyle 2012). 
While this might be considered a setback, our greatly improved 
knowledge of the angiosperm phylogeny, including a strongly 
supported position for the root, allows increasingly sophisticated 
questions to be asked about angiosperm macroevolution (e.g., 
Turcotte et al. 2014; Zanne et al. 2014). Similarly, our modern 
estimates for the timescale of angiosperm evolution allow us to 
explore further the selective pressures that might have shaped the 
present-day distribution and diversity of flowering plants. 
Despite our significant improvements in understanding the 
patterns and timescale of angiosperm evolution, the field is far from 
settled.  The celebrated consistent, strongly supported phylogeny 
based on chloroplast markers is increasingly being recognised as 
only one estimate of the angiosperm phylogeny.  The alternative 
phylogenies inferred through analysis of nuclear markers, and 
through the choice of phylogeny reconstruction methods, suggests 
that more work is needed to reconcile potentially conflicting 
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evolutionary histories.  Additionally, the controversy surrounding the 
age of flowering plants shows no signs of abating.  Modern 
knowledge of the fossil record suggests that the rapid radiation of 
angiosperm lineages was not quite as explosive as implied by 
Darwin’s “abominable mystery” proclamation, yet a new mystery is 
why molecular date estimates still generally far pre-date the oldest 
angiosperm fossils.  It is unlikely that increasing the amount of 
genetic data will solve this problem (Chapter 2); instead, increased 
sampling from underrepresented groups and methodological 
improvements in incorporating fossil data appear to be the way 
forward.  The last point appears to be an especially promising 
avenue of research, with new methods being developed for the 
simultaneous analysis of extant and extinct taxa (Ronquist et al. 
2012a; Gavryushkina et al. 2014; Heath et al. 2014). Overall, it is 
clear that our understanding of the evolutionary history of 
angiosperms has changed considerably over time, and we are now 
in an exciting new era of angiosperm research. 
1.6. Motivation for this thesis 
Over the past few decades, the field of molecular phylogenetics has 
been at the forefront of evolutionary biology. This has been driven by 
improvements in computational power, the development of 
increasingly sophisticated analytical methods, and, perhaps most 
importantly, advances in sequencing technologies. However, the best 
ways to take advantage of these advances in combination has 
remained to be thoroughly examined. In this thesis, I critically explore 
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how analysis of phylogenomic data using state-of-the-art 
phylogenetic techniques can be used to revolutionise our 
understanding of important biological questions. In particular, I focus 
on the use of chloroplast sequence data to unravel the patterns and 
timescale of flowering plant evolution. 
In Chapter 2, I estimate the angiosperm evolutionary 
timescale with unprecedented rigour, using the largest combination 
of taxon and gene sampling to date.  I was motivated to do so by the 
fact that although there have been many attempts to estimate the 
angiosperm timescale in recent years (e.g., Bell et al. 2010; Smith et 
al. 2010; Clarke et al. 2011; Magallón et al. 2013; Magallón et al. 
2015), there is still no consensus about when angiosperms most 
likely first appeared. To do so, I assemble a plastome-scale data set 
for nearly 200 angiosperm taxa and estimate the evolutionary 
timescale. I then estimate the sensitivity of the inferred timescale to 
different data-partitioning schemes, different levels of data 
subsampling, and potential disparities in branch rates, and to the 
choice of clock models, priors, and fossil constraints.  
Many methods have been developed to accommodate the 
vast amounts of molecular data generated through high-throughput 
sequencing. These include efficient programs to rapidly estimate the 
phylogeny (Stamatakis 2014; Nguyen et al. 2015), the evolutionary 
timescale (Yang 2007), or the optimal partitioning scheme for 
substitution models (Kalyaanamoorthy et al. 2017). However, 
methods to partition clock models to account for among-lineage rate 
heterogeneity have been somewhat neglected, despite the 
demonstrated benefits of clock-partitioning (Duchêne and Ho 2014).  
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I aimed to assess the possible methods for choosing an 
appropriate number of clock-partitions for multilocus data, and the 
methods of assigning genes to these clock-partitions. In Chapter 3, I 
validate the use of clustering methods to determine clock-partitioning 
schemes. Then, in Chapter 4, I demonstrate that increasing the 
degree of clock-partitioning can lead to age estimates with vastly 
higher precision, but that the meaning of this increased precision 
needs to be critically evaluated.  
The majority of the work in this thesis focuses on questions 
deep in evolutionary time, including estimating the evolutionary 
timescale of angiosperms as a whole, and critically evaluating 
methods to best analyse such deep divergences. However, the 
methodological, technical and computational advancements in recent 
years also have great power to resolve relationships at a much finer 
scale. Therefore, in Chapter 5 and 6 I chose to focus on using 
chloroplast sequence data to investigate the molecular systematics 
of Pimelea Banks & Sol. (Thymelaeaceae), a large genus of 
angiosperms that is predominantly distributed in Australia.  
In Chapter 5, I assemble a data set comprising a relatively 
small number of genes from a large taxon sample to infer the 
phylogeny of Pimelea. I analyse the data set using a comprehensive 
range of phylogenetic techniques. The resulting phylogeny 
represented the best estimates for the relationships within Pimelea at 
the time of publication. Despite this, many relationships within 
Pimelea remained unresolved, particularly when considering the 
backbone of the Pimelea clade. Therefore, in Chapter 6 I address the 
same question, but instead use a plastome-scale data set. This 
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allows me to resolve the backbone of the Pimelea clade, as well as 
many relationships within the genus. Additionally, I demonstrate the 
many types of phylogenetic questions that can be addressed with 
plastome-scale data sets, including investigating discordance among 
gene trees. 
This thesis represents a synthesis of many of the types of 
questions that can be addressed using the vast quantities of data 
produced by high-throughput sequencing. I advance the theoretical 
knowledge behind many phylogenetic techniques, and apply this 
knowledge to questions in angiosperm evolution at multiple 
taxonomic scales. By doing so, I hope I have produced a body of 
work that will guide many researchers in one of the most exciting 
eras of evolutionary biology. 
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Chapter 2 — Evaluating the Impact of Genomic 
Data and Priors on Bayesian Estimates of the 
Angiosperm Evolutionary Timescale  
2.1. Introduction  
Flowering plants (Angiospermae) are among the most successful 
groups on Earth, in terms of both the rate and scale of their 
diversification. Estimates of angiosperm diversity range from 223,300 
(Scotland and Wortley 2003) to 422,127 (Govaerts 2001) described 
species, with perhaps 20% more yet to be discovered (Joppa et al. 
2011). Angiosperms play an important role in the environment and 
have important mutualistic relationships with many groups of 
organisms, the most obvious being pollination interactions with 
insects, birds, and small mammals (Thien et al. 2009; Rosas-
Guerrero et al. 2014). To understand how angiosperms rose to 
dominance, including how the crucial morphological traits that led to 
their success first evolved, requires both precise and accurate 
estimates of the angiosperm evolutionary timescale.  
 Prior to the availability of genetic data, evolutionary timescales 
were inferred exclusively using fossil occurrence data. The oldest 
known fossil that can be confidently assigned to the stem group of 
angiosperms has been dated to 247.2–242.0 million years ago (Ma) 
(Hochuli and Feist-Burkhardt 2013). However, since these fossils 
cannot be attributed safely to the crown group of angiosperms, they 
do not inform us on their crown-group age. Monosulcate pollen 
microfossils with reticulate-columellar structure have been found in 
Valanginian to early Hauterivian sediments (~139.8–129.4 Ma). 
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Although these fossils might belong to the stem group of 
angiosperms, they have usually been interpreted as evidence that 
crown-group angiosperms already existed in the early Cretaceous 
(~139.4–130.8 Ma), with many other angiospermous microfossils 
occurring by the Barremian (~130.8–126.3 Ma) (Doyle 2012). Within 
the crown group, there are noticeable disparities among the fossil 
records of different lineages, particularly at the family level and 
below.  
Molecular dating techniques provide complementary means of 
estimating the evolutionary timescale of angiosperms. However, 
methodological complexity and resource limitations usually forced a 
trade-off between taxon sampling and gene sampling (Figure 2.1; 
Appendix 1: Table A1.1). Maximising the number of taxa, rather than 
the number of loci, is beneficial for investigations of diversification 
rates (Heath et al. 2008), but a small sample of loci might fail to 
capture sufficient phylogenetic signal or to allow reliable estimation of 
evolutionary rates. Maximising the number of genes at the expense 
of taxon sampling increases the number of informative sites, and can 
allow more accurate estimation of evolutionary rates. Phylogenomic 
studies of plants have provided important insights into the 
relationships among angiosperms (Wickett et al. 2014; Zeng et al. 
2014), but, in general, increasing the amount of data leads to a rapid 
decline in the marginal improvements in the uncertainty of age 
estimates (dos Reis and Yang 2013). However, the sparse taxon 
sampling that is normally required for phylogenomic studies can 
reduce the number of nodes available for fossil calibration, and affect 
the estimation of macroevolutionary parameters, the degree of 
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Figure 2.1. A comparison of the taxon and gene sampling in a selection of 
previous estimates of the angiosperm evolutionary timescale, based on data 
sets including ≥50 angiosperm taxa and/or ≥4 genes. The sizes of the circles are 
proportional to the number of genes sampled. The shade of circles represent the 
type of analysis used, with lightest circles representing Bayesian analyses, 
darkest circles representing penalised- likelihood analyses, and intermediate-
shaded circles representing other methods. The letters correspond to the 
following studies: (a) Magallón et al. (2015), (b) Bell et al. (2010), (c) Magallón 
and Castillo (2009), (d) this study, (e) Smith et al. (2010), (f) Schneider et al. 
(2004), (g) Magallón et al. (2013), (h) Moore et al. (2007), (i) Magallón and 
Sanderson (2005), (j) Laroche et al. (1995), (k) Clarke et al. (2011), (l) 
Goremykin et al. (1997), and (m) Soltis et al. (2002). Despite meeting our criteria 
for this plot, the study by Zanne et al. (2014) is omitted to allow a clearer 
comparison of the chosen studies. 
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tree balance, and the performance of phylogenetic inference (Heath 
et al. 2008). Therefore, there is uncertainty about the impact of 
phylogenomic data on our understanding of the age of the 
angiosperms in particular, and on inferring their timescale of 
diversification in general. 
As a result of differences in sampling, model choice, and 
calibrations, previous studies have yielded disparate estimates for 
the age of angiosperms, with up to fourfold variation. The earliest 
molecular dating analyses found that crown-group angiosperms were 
considerably older than implied by the fossil record, in some cases by 
more than 100 million years (Martin et al. 1989). Subsequent studies 
have produced date estimates ranging from 86 Ma (when 
considering only the 3rd codon positions of rbcL; Sanderson and 
Doyle 2001) to 332.6 Ma (Soltis et al. 2002), although most age 
estimates fall between 140 and 240 Ma. Most molecular dating 
studies have suggested that angiosperms arose well before the early 
Cretaceous, which implies a considerable gap in the fossil record 
(Doyle 2012).  
All molecular dating studies require the incorporation of temporal 
information to calibrate the estimates of rates and divergence times. 
This is usually done using fossil evidence, and the manner in which 
calibrations are implemented is known to have a strong influence on 
inferred ages (e.g., Inoue et al. 2010; Sauquet et al. 2012; Tong et al. 
2015). Another important aspect of molecular dating is the model of 
rate variation across branches. Relaxed-clock models are often used 
in order to account for this form of rate heterogeneity (reviewed by 
Ho and Duchêne 2014), but these models might provide a poor fit to 
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certain patterns of rate variation (Dornburg et al. 2012; Bellot and 
Renner 2014). This is a particular concern for analyses of the 
angiosperm timescale, because of the possibility that there have 
been major shifts in evolutionary rates near the base of angiosperms 
(Beaulieu et al. 2015). Additionally, when a Bayesian approach is 
used, a prior for the tree topology and node times needs to be 
specified. These models typically do not account for potential shifts in 
angiosperm diversification rates over time (but see Hagen et al. 
2015), which might lead to biases in age estimates (Beaulieu et al. 
2015). As a result, the choice of tree prior can have a significant 
impact on Bayesian estimates of branch rates and node times (Ho et 
al. 2005; Condamine et al. 2015).  
In this study, we use Bayesian relaxed-clock and penalised 
likelihood methods to estimate the timing of the origin and 
diversification of angiosperms. Our data set consists of 76 protein-
coding genes from the chloroplast genomes of a diverse selection of 
195 taxa, calibrated by a core set of 35 minimum and two maximum 
age constraints based on fossil evidence. We test the sensitivity of 
our results to different data-partitioning schemes, different levels of 
data subsampling, and potential disparities in branch rates, and to 
the choice of clock models, priors, and fossil constraints. By doing so, 
we are able to investigate the robustness of our estimate of the 
angiosperm evolutionary timescale, using the most comprehensive 
combination of taxon and gene sampling so far. 
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2.2. Materials and methods 
2.2.1. Data set 
We obtained chloroplast genome sequences for 182 angiosperm 
taxa from GenBank. These were chosen so that our data set 
included only one representative per genus, reduced from an initial 
sample of 438 chloroplast genomes. Additionally, we obtained novel 
chloroplast genome sequences from 11 angiosperm taxa to fill 
taxonomic gaps and allow additional fossil calibrations to be used. 
These chloroplast genome sequences were extracted in silico from 
whole-genome shotgun libraries sequenced on the Illumina platform 
(Appendix 1.1). Our total data set consisted of chloroplast genome 
sequences from 193 angiosperm taxa, representing 86 families from 
45 orders, and two gymnosperm outgroup taxa (Appendix 1: Tables 
A1.2–A1.3). 
We extracted 79 protein-coding genes from the chloroplast 
genomes for analysis, although this number varied among taxa. All 
genes were initially aligned using MUSCLE v3.5 (Edgar 2004), 
followed by manual adjustments. We excluded three genes (infA, 
ycf1, and ycf2) due to alignment ambiguities, leaving 76 genes for 
phylogenetic analysis. We then created two data sets, one with all 
sites included (CP123: 61,242 nucleotides) and another with all 3rd 
codon sites removed (CP12: 40,828 nucleotides). This allowed us to 
examine the effect of saturation at 3rd codon positions. We also 
filtered out any sites in the alignment at which a gap was present in 
≥80% of the taxa to eliminate some alignment ambiguities, and 
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because missing data can have unpredictable effects on 
phylogenetic inference and molecular dating (Lemmon et al. 2009; 
Filipski et al. 2014). This represented 12.43% of the sites (CP12: 
5076 nucelotides; CP123: 7615 nucleotides). Our final sequence 
alignments consisted of 53,627 and 35,752 nucleotides for the full 
and reduced data sets, respectively, with the proportion of gaps and 
completely undetermined characters in the alignment being only 
3.43%. 
2.2.2. Phylogenetic analyses 
We inferred the phylogeny using maximum likelihood in RAxML v8.0 
(Stamatakis 2014), with topological support estimated using 1000 
bootstrap replicates with the rapid bootstrapping algorithm. The 
chloroplast genome is typically non-recombining (Birky 1995), so we 
assumed that all genes shared the same tree topology. We analysed 
the full data set (CP123) and reduced data set (CP12) with two main 
partitioning schemes: with and without partitioning by codon position. 
Additionally, we analysed data set CP12 using PartitionFinder v1.1.1 
(Lanfear et al. 2012) to determine the optimal partitioning scheme. 
We specified 152 data blocks to be compared, corresponding to the 
first and second codon positions of every gene, and used the greedy 
search algorithm with GTR+Γ as the specified model of nucleotide 
substitution. We then implemented the optimal partitioning scheme 
(28 data subsets) in RAxML, with the GTRGAMMA model of 
nucleotide substitution applied to each data subset.  
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For further analyses, we chose to focus on data set CP12 to 
minimise any negative effects of saturation, but we ran replicate 
analyses of data set CP123 and an additional data set comprising 
only 3rd codon positions as a form of comparison. The size of our 
data set precluded the use of some computationally intensive dating 
methods such as BEAST; instead, we used MCMCTREE in PAML 
v4.8 (Yang 2007), which is able to reduce computational load by 
using approximate likelihood calculation (dos Reis and Yang 2011). 
MCMCTREE requires a fixed tree topology, so for each data set we 
used the best-scoring trees estimated in RAxML. To investigate the 
presence of rate variation among branches, we compared the strict-
clock model against an unconstrained (free-rates) model using a 
likelihood-ratio test in PAML, and found that the strict-clock model 
was strongly rejected (p<10-307). We analysed the data using the 
autocorrelated lognormal relaxed clock (Thorne et al. 1998; Kishino 
et al. 2001) and the uncorrelated lognormal relaxed clock 
(Drummond et al. 2006; Yang and Rannala 2006), as well as the 
strict clock as a form of comparison. We compared the marginal 
likelihoods of duplicate runs of these clock models, and found 
decisive support for the uncorrelated relaxed clock (Table 2.1). 
Hence, all subsequent sensitivity analyses were conducted using this 
clock model. 
In MCMCTREE it is not possible to link the clock model prior 
across data subsets; the branch rates are effectively estimated 
separately for each data subset, which precluded any partitioning by 
clock model. Analysing the data using the partitioning scheme 
selected by PartitionFinder was not computationally feasible.  
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Table 2.1. Marginal likelihoods of different clock models, estimated using 
the smoothed harmonic-mean estimator.  
Clock model 
Marginal log likelihood 
Replicate 1 Replicate 2 Mean 
Strict -16894.21 -16893.38 -16893.80 
Autocorrelated -450.51 -459.25 -454.88 
Uncorrelated -439.34 -445.05 -442.20 
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Instead, we chose to focus on partitioning by codon position. We 
used the GTR+Γ model of nucleotide substitution, the most general 
model permitted by MCMCTREE, with among-site rate heterogeneity 
modelled using a gamma distribution with four rate categories. 
Posterior distributions of divergence times were estimated using 
Markov chain Monte Carlo sampling, with samples drawn every 500 
steps over a total of 2×107 steps, after a discarded burn-in of 2×105 
steps. We ran each analysis in duplicate and visually inspected 
results in Tracer v1.6 (Rambaut et al. 2014), ensuring that the 
effective sample sizes of all parameters were above 200. In total, we 
ran five different maximum-likelihood analyses in RAxML, one 
penalised-likelihood dating analysis in r8s, and 39 different Bayesian 
analyses in MCMCTREE (as described below). 
MCMCTREE incorporates a gamma-Dirichlet prior for the 
overall rate parameter (µ). First, the average substitution rate across 
all loci is assigned a gamma prior. A Dirichlet distribution with 
concentration parameter α is then used to partition the rate across 
loci (Yang 2007; dos Reis et al. 2014). To investigate the sensitivity 
of our date estimates to the priors, we ran further analyses and 
varied the mean of this gamma-Dirichlet prior for the overall rate 
parameter by increasing or decreasing it 10-fold from what we 
considered to be the optimal setting of 0.1 substitutions per site per 
108 years.  
MCMCTREE also incorporates a gamma-Dirichlet prior for the 
degree of rate variation across branches (σ2), which has a different 
meaning in the two relaxed-clock models. In the uncorrelated relaxed 
clock, rates for branches are independent variables from a lognormal 
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distribution, whereas in the autocorrelated relaxed clock the density 
of any particular branch rate is calculated while taking into account 
the ancestral rate and the time elapsed (Yang 2007). Despite the 
different implementations, in both clock models this parameter is 
used to represent the variance of the logarithm of the rate. We 
investigated the effect of a 10-fold increase in the mean of this 
gamma prior for rate variation across branches.  
We also investigated the effect of varying the birth rate (λ), 
death rate (µ), and sampling proportion (s) parameters of the birth-
death-process tree prior. In MCMCTREE, the values of λ=1, µ=1, and 
s=0 represent an extreme limit giving the uniform kernel. Under these 
conditions, each node has a uniform prior between ancestral and 
descendant nodes. Varying the birth- and death-rate parameters 
requires a fixed, non-zero value for s. We chose a value of 0.0005, 
representing a sampling proportion of 0.05% based on our sample 
size of 193 angiosperm taxa compared with an upper estimate of the 
number of angiosperm species (422,127; Govaerts 2001). First, we 
set λ to 1 and varied µ to represent no extinction (µ=0), medium 
extinction (µ=0.5), and high extinction (µ=0.9). We then used a 
published estimate of the angiosperm diversification rate by Magallón 
and Castillo (2009), from their analysis assuming a relaxed crown 
age with either low or high relative death rates (ε), to obtain values for 
λ and µ. This led to values of λ=0.0489 and µ=0 when assuming a 
relative death rate of 0, and λ=0.42 and µ=0.378 when assuming a 
relative death rate of 0.9. It is worth noting that under the birth-death-
process tree prior, extinction occurs with an equal probability across 
all lineages. This implies random sampling of extant lineages after 
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non-biased extinction, which might not always be true. To test the 
influence of the sampling fraction parameter (s), representing 
different proportions of sampling, we changed its value to 0.001, 
0.01, 0.1, and 1. Increasing the value of s embodies an expectation 
of longer internal branches (Yang and Rannala 1997).  
Amborella trichopoda is generally recognised as the sister 
taxon to all other extant angiosperms, but there remain some 
suggestions that, instead, Amborella and Nymphaeales form the 
sister clade to all other angiosperms (Barkman et al. 2000; 
Goremykin et al. 2013; Drew et al. 2014; Xi et al. 2014; Goremykin et 
al. 2015). To investigate the effect of this alternative placement of 
Amborella on the estimated age of angiosperms, we replicated our 
main analysis with Amborella constrained to be the sister taxon to 
Nymphaeales. 
Recently, Beaulieu et al. (2015) suggested that age estimates 
for crown-group angiosperms have been misled because of a failure 
to account for large shifts in evolutionary rates near the base of 
angiosperms. Many early-diverging lineages of angiosperms are 
herbaceous annuals, a life-history trait that is suggested to lead to a 
higher evolutionary rate compared with woody, perennial taxa (Gaut 
et al. 1992; Smith and Donoghue 2008; Lanfear et al. 2013; Beaulieu 
et al. 2015). We investigated the effect of this potentially confounding 
factor using two different methods. First, we looked for shifts in 
branch rates in the results of our optimal MCMCTREE analysis. This 
was initially done by examining rategrams, in which each branch 
length is proportional to the corresponding branch rate. These branch 
rates were plotted against the midpoint ages of branches from the 
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corresponding chronogram, as obtained using the R package NELSI 
v0.21 (Ho et al. 2015a). Second, we performed an analysis in which 
we excluded herbaceous lineages. To do this, we first coded all taxa 
as being either woody perennials or herbaceous annuals based on 
the Global Woodiness Database (Zanne et al. 2013; Zanne et al. 
2014). Ancestral state reconstruction was carried out using the 
make.simmap function, implementing the SYM model, in the R 
package Phytools v0.3-10 (Revell 2012). We removed all taxa that 
are currently herbaceous or were inferred to be ancestrally 
herbaceous, leaving 74 taxa in the data set. The resulting tree was 
analysed in MCMCTREE with the same parameter choices as in our 
main analysis of data set CP12. 
As a means of assessing the impact of increased gene 
sampling on divergence-time estimates, we repeated our analyses 
using subsamples of the genes within our data set. First, we sampled 
only three of the most commonly used plastid genes: atpB, matK, 
and rbcL (3rd codon positions excluded). Second, we sampled only 
the 11 plastid genes used by Soltis et al. (2011): atpB, matK, ndhF, 
psbB, psbT, psbN, psbH, rbcL, rpoC2, rps16, and rps4 (3rd codon 
positions excluded). Third, we drew a random subsample of 20, 30, 
40, 50, 60, and 70 genes to examine how our date estimates 
responded to increases in the size of the data set. We analysed all 
data subsamples in MCMCTREE using the same tree topology and 
parameter choices as in our main analysis of data set CP12. 
We compared our Bayesian estimates of the angiosperm 
evolutionary timescale with those made using penalised likelihood. 
To do this, we used RAxML to obtain 100 bootstrap phylograms from 
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data set CP12. We then estimated the divergence times on these 
trees using r8s v1.8 (Sanderson 2003), using the same fossil 
calibration scheme as in our main Bayesian analyses. The optimal 
value of the smoothing parameter was estimated using cross-
validation on the best-scoring tree from RAxML. 
2.2.3. Fossil calibrations 
The accuracy of molecular dating relies on the careful selection of 
calibrations. We only included fossils that (i) have been placed in 
groups based on phylogenetic analysis, (ii) can unequivocally be 
placed in a group based on synapomorphies, and/or (iii) have had 
their phylogenetic placement reviewed or critically examined in 
previous studies (Magallón and Castillo 2009; Martínez-Millán 2010; 
Massoni et al. 2015b). We chose primarily to include calibrations as 
uniform age priors with soft or hard bounds (see below), with fossils 
providing minimum age constraints. By doing so, we recognised that 
a lineage existed at a certain point in time, but might have arisen well 
before that time (Warnock et al. 2012). Based on these criteria, we 
chose 35 minimum age constraints (Appendix 1: Table A1.4), using 
fossils that each represents the oldest known member of a group. 
For all analyses, this included the oldest angiosperm fossil pollen 
grains from the Valanginian–Hauterivian as a minimum constraint on 
the age of crown-group angiosperms (Magallón et al. 2015). To 
investigate the joint prior on node times, we ran a replicate of our 
main analysis in which we sampled only from the prior (Warnock et 
al. 2012).  
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For all of our main analyses, we implemented two soft 
maximum age constraints: (i) 126.7 Ma for the origin of eudicots 
(reviewed by Massoni et al. 2015a), and (ii) 350 Ma for the root 
(divergence between angiosperms and gymnosperms). Magallón 
and Castillo (2009) argued that the latter maximum constraint is 
justifiable because it is younger than the Upper Devonian age of the 
oldest known fossil seeds (Elkinsia polymorpha) and older than the 
Lower-Upper Carboniferous age of the oldest presumed crown-group 
seed plants (Cordaitales). This age also corresponds approximately 
to the upper end of the 95% credibility interval of the age inferred for 
crown seed plants across a number of molecular-clock analyses of a 
data set representing major vascular plant lineages (Magallón et al. 
2013).  
We replicated our main analysis of data set CP12 using 
different maximum age constraints to see the impact on inferred 
ages. First, we tested maximum ages of 300 Ma, an arbitrary value 
roughly corresponding to the end of the Carboniferous; 330 Ma, 
based on the estimated mean age of the seed plant crown group by 
Magallón et al. (2013); and 366.8 Ma, following Clarke et al. (2011). 
We then tested the extreme maximum ages of 454 Ma, 
corresponding to the hypothesised oldest tracheophytes based on 
the oldest recorded trilete spores (Steemans et al. 2009), and 1024 
Ma, corresponding to the oldest proposed age for land plants (Clarke 
et al. 2011). Additionally, we tested the effect of retaining the original 
maximum age of 350 Ma for the root, but implemented an additional 
maximum constraint for crown-group angiosperms of 248.4 Ma, 
which is based on the age of the first sediments preceding the oldest 
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occurrence of angiosperm-like pollen (Clarke et al. 2011; Hochuli and 
Feist-Burkhardt 2013). Finally, we used a much stronger maximum 
age constraint of 139.35 Ma for the angiosperm crown node. This 
corresponds to the upper bound of the 95% confidence interval on 
crown-group angiosperms based on fossil data, as implemented by 
Magallón et al. (2015). As with our main analysis of data set CP12, 
we looked for evidence of accelerated substitution rates in basal 
branches of the angiosperm clade. We did this by visual inspection of 
the rategrams from this analysis, and by plotting branch rates against 
the midpoint ages of branches from the corresponding chronogram. 
All calibrations were implemented as uniform priors with soft 
bounds. These assign equal prior probability for all ages between 
specified minimum and maximum constraints, but have a 2.5% 
probability that the age is beyond each bound, with a heavy-tailed 
probability density based on a truncated Cauchy distribution (Yang 
and Rannala 2006; Inoue et al. 2010). Compared with hard bounds, 
this approach has the advantage of allowing the molecular data to 
overcome poor calibrations, brought about by misinterpretations of 
the fossil record, when other good calibrations are present (Yang and 
Rannala 2006). However, because most other molecular dating 
studies of plants have exclusively utilised hard bounds, we ran 
replicate analyses with calibrations implemented as hard bounds as 
a means of comparison. Most of the absolute ages used here as 
calibrations follow Gradstein et al. (2012), including the most recent 
comprehensive synthesis of absolute dates for the Cretaceous (Ogg 
and Hinnov 2012). The exceptions were two ages that were derived 
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from 40Ar–39Ar radioisotope analysis of the locality in which fossils 
were found (Table S3). 
We investigated the impact of using a non-uniform prior for 
fossil constraints. We used gamma priors (exponential and lognormal 
priors are not available in MCMCTREE), with each calibration having 
a mean equal to the age of each fossil +10% and an arbitrary 
standard deviation of 2 (Appendix 1: Table A1.4). In all analyses 
using uniform calibration priors, our calibration for the angiosperm 
crown node provided a minimum constraint. However, once we 
implemented this constraint as a gamma prior using the method 
above, it effectively created a strong constraint on the age of this 
node. Therefore, as a form of comparison we replicated our analysis 
using gamma priors without any direct constraint on this node. 
2.3. Results and discussion 
2.3.1. Phylogenetic relationships 
The results from the RAxML analyses were consistent across the 
different data-partitioning schemes and were robust to the inclusion 
or exclusion of 3rd codon positions. Each treatment yielded a 
strongly supported tree topology, with the majority of nodes receiving 
100% bootstrap support (b.s.) (Appendix 1: Figures A1.1–A1.5). The 
inferred topologies were largely congruent across analyses, with the 
exception of a few poorly supported and very short internal branches. 
These topologies also corresponded closely to the currently 
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accepted, well supported angiosperm tree (Angiosperm Phylogeny 
Group 2009; Moore et al. 2010; Soltis et al. 2011; Ruhfel et al. 2014).  
Few nodes were weakly supported (<80% b.s.), and these 
were generally restricted to deeper parts of the tree. One such 
example is the relationship between monocots, Ceratophyllum, and 
eudicots, which reflects the long-standing uncertainty about the 
placement of Ceratophyllum among angiosperms (discussed in 
Moore et al. 2007). There has also been uncertainty about whether 
Amborella or Amborella+Nymphaeales is the sister lineage to all 
other angiosperms (Wickett et al. 2014; Xi et al. 2014). The most 
comprehensive analysis of the relationships among angiosperms (17 
genes from 640 taxa) strongly supports a sister relationship between 
Amborella and all other angiosperms (Soltis et al. 2011). Our analysis 
of the chloroplast genome agrees with this, with all non-Amborella 
angiosperms forming a strongly supported clade, except in the 
analysis using the partitioning scheme from PartitionFinder (71% 
b.s.). The relationships of other early-diverging lineages were also 
well supported, with Amborella, Nymphaeales, Austrobaileyales, and 
magnoliids+Chloranthales being resolved as successive sister 
lineages, all with 100% bootstrap support. However, it is worth noting 
that two recent phylotranscriptomic studies based on the nuclear 
genome inferred a different topology for Mesangiospermae (i.e., all 
angiosperms except Amborellales, Nymphaeales, and 
Austrobaileyales), with monocots being placed outside a clade 
containing magnoliids, Chloranthales, and eudicots (Wickett et al. 
2014; Zeng et al. 2014). It is possible that such phylogenetic 
 49 
 
uncertainty might affect inferred ages in subsequent molecular dating 
analyses, which were based on a fixed tree topology. 
2.3.2. Evolutionary timescale of angiosperms 
We used a Bayesian relaxed-clock method to estimate the 
evolutionary timescale of angiosperms. Here, we report the results of 
our analyses of data set CP12, comprising the 1st and 2nd codon 
positions of 76 protein-coding chloroplast genes, using an 
uncorrelated lognormal relaxed clock and what we considered to be 
the optimal settings (Figure 2.2; Appendix 1: Figure A1.6). Our 
analysis yielded a mean estimate of 221 Ma (95% credibility interval: 
253–192 Ma) for the age of crown angiosperms, suggesting an origin 
in the Triassic. This reflects the findings of many recent molecular 
dating studies of angiosperms (e.g. Bell et al. 2010; Magallón 2010; 
Clarke et al. 2011; Zeng et al. 2014; Beaulieu et al. 2015). Our mean 
age estimates for the crown groups of Mesangiospermae, 
Chloranthales, magnoliids, and monocots suggest that diversification 
of these groups occurred over a period of approximately 27 million 
years from the early Jurassic (Appendix 1: Figure A1.6). We inferred 
crown-group eudicots to have arisen in the Late Jurassic to Early 
Cretaceous 154–136 Ma (we discuss further below the implications 
of this result with respect to the soft maximum age constraint applied 
to this node), with crown-group Rosidae and  
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Figure 2.2. Chronogram depicting the angiosperm evolutionary timescale, as 
estimated using Bayesian (MCMCTREE) analysis of 76 chloroplast genes from 
195 taxa with 35 minimum and two maximum fossil constraints. Thicker branches 
indicate ≥95% bootstrap support, thinner branches indicate 80–94% bootstrap 
support, and dashed branches indicate <80% bootstrap support. Mean age 
estimates (in myr) are indicated for nodes of interest, with node bars showing the 
associated 95% credibility intervals. Numbers in parentheses after orders (and 
after families unplaced at the ordinal level) indicate the number of taxa sampled. 
Clade names are standardised to those of (Cantino et al. 2007). 
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crown-group Asteridae, two major subdivisions of the eudicots, 
arising 131–118 Ma and 124–108 Ma, respectively. These results 
were highly robust, with similar ages inferred even after 10-fold 
changes to the mean of the gamma priors for the overall rate 
parameter and rate variation across branches (Figure 2.3; Appendix 
1: Figures A1.7–A1.9).  
Sampling from the prior led to much older estimates for the 
ages of these nodes, suggesting that ages inferred in all other 
analyses are influenced by the signal in the data and not determined 
just by the fossil calibration priors (Appendix 1: Figure A1.10). 
Additionally, constraining Amborella to be the sister group of 
Nymphaeales did not substantially change the inferred ages for 
crown-group angiosperms (constrained analysis: 245–186 Ma; 
unconstrained analysis: 253–192 Ma) (Appendix 1: Figure A1.11). 
When implementing the autocorrelated relaxed clock, we inferred a 
slightly younger mean age of 206 Ma (236–176 Ma) for crown-group 
angiosperms, but inferred ages for most internal nodes were highly 
similar to those from analyses with the uncorrelated relaxed clock 
(Appendix 1: Figure A1.12). We inferred the mean age of crown-
group angiosperms to be 220 Ma when using the strict clock, which 
was similar to the results of analyses based on the two relaxed-clock 
models, but the 95% credibility interval of 226–215 Ma was much 
narrower, as expected (Ho et al. 2005; Brown and Yang 2011) 
(Figure 2.3; Appendix 1: Figure A1.13). The ages of nearly all nested 
subclades were inferred to be markedly older than with the relaxed-
clock models. An exception is Magnoliidae, which was inferred to be 
considerably younger than in the other analyses, suggesting some  
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form of potential rate heterogeneity between this group and the rest 
of the tree. Additionally, the age of the root, corresponding to the 
divergence between angiosperms and gymnosperms, was inferred to 
be unreasonably high (480–451 Ma), far beyond the soft maximum 
constraint of 350 Ma. However, because the strict-clock model was 
rejected, these ages are unreliable. Our results, taken collectively, 
point to an evolutionary timescale for angiosperms that is more 
protracted than suggested by the fossil record.  
Our age estimates are also robust to the inclusion or exclusion 
of 3rd codon positions. Our analysis of data set CP123 yielded mean 
age estimates that were slightly older than those from our analysis of 
data set CP12, although with generally narrower 95% credibility 
intervals (Appendix 1: Figure A1.14). This suggests that saturation 
and heterogeneities in nucleotide composition are not substantially 
affecting our inferences, and that the additional data provided by the 
third positions might help to bracket the true ages more accurately 
(by increasing precision in estimates of branch lengths). However, 
we still found evidence of substantial saturation at 3rd codon 
positions (Appendix 1: Figure A1.15). Analysis of only third codon 
positions led to a far older mean age for crown-group angiosperms 
and several early-diverging lineages (Appendix 1: Figure A1.16), 
which reflects suggestions that 3rd codon sites might produce 
underestimates of basal branch lengths (Phillips 2009). Taking this 
into consideration, we chose to focus on data set CP12 for all 
subsequent analyses. 
Our estimate of the angiosperm evolutionary timescale is 
based on a large data set, reducing the stochasticity associated with 
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limited gene or taxon sampling. To compare our results with those of 
previous studies based on small numbers of chloroplast genes, we 
analysed several subsamples of data set CP12. Despite substantial 
reductions in the size of our data set, the inferred ages for many 
groups were similar to those in the full data set. For the 3-gene data 
set, the estimated crown age for angiosperms was slightly younger 
than that inferred in the analysis with optimal settings. Estimates of 
divergence times were younger overall, especially for the eudicots, 
with slightly wider 95% credibility intervals. However, there was little 
difference between the estimates from our main analysis of data set 
CP12 (with all 76 genes included) and from most other data 
subsamples, with highly congruent age estimates and 95% credibility 
intervals for many nodes in the tree (Figure 2.4; Appendix 1: Figures 
A1.17–A1.24). The greatest improvements in precision following 
increased data sampling occurred at some shallow nodes, such as 
many in Poales, and in groups with fewer fossil calibrations. This 
suggests that opting to maximise the number of taxa, choosing a 
subset of informative genes, and choosing well distributed, reliable 
calibrations might be a good strategy for molecular dating. Although 
we have not tested the effect of taxon sampling on estimated ages 
and their precision, increasing taxon sampling has a predictable 
positive effect on accuracy by allowing the inclusion of a larger 
number of independent informative fossil calibrations (e.g., Magallón 
et al. 2015). The beneficial effects of increasing taxon sampling on 
phylogenetic accuracy are well documented (e.g., Hillis 1998; Pollock 
et al. 2002; Heath et al. 2008). However, the trade-off between taxon 
and gene sampling is still subject to the costs and  
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benefits of each approach. While the analytical cost is low in terms of 
raw computational hours, and the cost of generating large amounts 
of genetic data is decreasing rapidly, the expense of collecting 
material remains considerable. 
The age of crown angiosperms can be overestimated when 
there is inadequate modelling of heterogeneous rates of molecular 
evolution and diversification (Beaulieu et al. 2015). In particular, 
molecular-clock models might be unable to handle the rate variation 
associated with angiosperm life history, such as the herbaceous 
habit in some early-diverging lineages (Beaulieu et al. 2015). 
However, our plots did not indicate any elevation of substitution rates 
in the early branches of the angiosperm tree (Appendix 1: Figure 
A1.25). The rategrams for each locus, corresponding to the 1st and 
2nd codon positions, did not reveal any clear patterns of elevated 
substitution rates along herbaceous lineages when compared with 
woody lineages (Appendix 1: Figures A1.26–A1.27). When we 
removed all ancestrally or currently herbaceous taxa from the data 
set, we once again obtained age estimates that matched those from 
our analysis with the optimal settings (Appendix 1: Figure A1.28). 
Additionally, we inferred highly congruent ages for crown-group 
angiosperms and most internal nodes across all analyses where we 
varied the parameters of the tree prior to reflect different 
diversification rates (Figure 2.5, Appendix 1: Figure A1.29–A1.37). 
Improved models of rate variation, including those that incorporate 
information from life-history traits, might lead to a clearer and more 
detailed picture of rate heterogeneity across angiosperms. 
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Penalised likelihood remains a commonly used method of 
estimating divergence times. A key advantage of this method is its 
speed compared with Bayesian methods, explaining why it remains 
one of the few relaxed-clock methods applicable to data sets 
comprising large numbers of taxa (Smith and O’Meara 2012; Zanne 
et al. 2014). The results we obtained when using penalised likelihood 
were similar to those of the Bayesian analyses (Figure 2.3; Appendix 
1: Figure A1.38), but most of the mean age estimates were slightly 
older in the penalised-likelihood analysis, particularly when 
considering the ages of monocots and magnoliids. An important 
exception to this trend was crown-group Eudicotyledoneae, on which 
the (hard) maximum bound of 126.7 Ma forced a younger age. 
Similarly, the estimated ages of backbone nodes and some internal 
nodes within eudicots were marginally younger than in the Bayesian 
analyses. However, the uncertainty in these date estimates was 
much smaller than in the Bayesian estimates, as observed in 
previous studies where such a comparison was made (Sauquet et al. 
2012; Massoni et al. 2015a). For example, using penalised likelihood, 
crown-group angiosperms were estimated to have arisen 236–229 
Ma, compared with 251–192 Ma in our main Bayesian analysis. 
These 95% confidence intervals are obtained by bootstrapping the 
data set, rather than being estimated directly from the data. Some 
authors have criticised the inability of penalised likelihood to account 
properly for the uncertainty in fossil calibrations (Yang 2006). In 
contrast, Bayesian methods are able to produce estimates of 
divergence times that are conditioned on the uncertainty in fossil 
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calibrations, the priors, and the model parameters (dos Reis et al. 
2016).  
Our estimated age for crown-group angiosperms is noticeably 
older (~85 million years) than the oldest angiosperm crown fossils, 
which is consistent with previous molecular estimates and indicates 
either an incomplete fossil record or a bias in molecular dating 
analyses, or both. This problem has been addressed by many 
previous studies (e.g., Magallón 2010; Doyle 2012; Beaulieu et al. 
2015; Magallón et al. 2015) and is unlikely to be resolved unless 
additional, older fossils are discovered, or new molecular dating 
methods produce younger age estimates. Considering this, it is 
crucial to investigate the impacts of fossil calibrations using the 
available molecular dating methods. 
2.3.3. Evaluating the impact of the fossil calibrations 
There are three main approaches that can be used to calibrate the 
angiosperm crown node for molecular dating. First, uniform 
calibration priors can be used to constrain the divergence between 
angiosperms and gymnosperms rather than to place a maximum 
constraint on the angiosperm crown node (e.g., Bell et al. 2010). 
Uniform priors are comparatively uninformative because the node 
has an equal probability of taking any age between the minimum and 
maximum bounds. Using this approach typically leads to large 95% 
credibility intervals on date estimates, as observed in the present 
study. However, it is worth noting that well calibrated data sets using 
uniform priors in a Bayesian relaxed-clock framework tend to 
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converge, for the first time, on a much older crown-group angiosperm 
age than was previously thought (but see suggestions of Triassic 
angiosperm fossils in Wang et al. 2007; Gang et al. 2016). 
A second common approach to calibrating the angiosperm 
crown node is to implement a soft maximum age constraint by using 
an informative prior that penalises greater ages, such as exponential 
or lognormal calibration priors (e.g., Magallón et al. 2013). 
Determining appropriate parameter values for these prior 
distributions is often a difficult exercise, however, because there is 
rarely sufficient fossil evidence to inform such a choice (Ho and 
Phillips 2009). Nevertheless, for the sake of comparison, we 
investigated the effect of implementing all calibrations as gamma 
priors with a mean equal to the calibrating fossil age +10% and with 
an arbitrary standard deviation of 2. When using this approach, 
crown-group angiosperms were inferred to be far younger than when 
using uniform bounds, and the inferred age of 161–154 Ma is only 
~25 million years older than the oldest crown-group angiosperm 
fossils (Figure 2.6; Appendix 1: Figure A1.39). This result is 
unsurprising, however, given that the crown age was so tightly 
constrained. Interestingly, the mean age estimates for most internal 
nodes were very similar to those inferred in our analyses using 
uniform age bounds, even for those nodes without any constraints. 
Our analysis using gamma priors but without a direct constraint on 
the angiosperm crown node led to an older inferred age for crown-
group angiosperms (mean age 242 Ma; 95% credibility interval 279–
210 Ma), much closer to that of our reference analysis. The age  
  
 61 
 
  
Fi
gu
re
 2
.6
. A
 c
om
pa
ris
on
 o
f t
he
 a
ge
s 
in
fe
rre
d 
fo
r i
m
po
rta
nt
 a
ng
io
sp
er
m
 n
od
es
 a
cr
os
s 
di
ffe
re
nt
 a
na
ly
se
s,
 b
as
ed
 o
n 
di
ffe
re
nt
 c
al
ib
ra
tio
n 
sc
he
m
es
. A
ll 
an
al
ys
es
 w
er
e 
ba
se
d 
on
 a
n 
un
co
rre
la
te
d 
re
la
xe
d 
cl
oc
k 
w
ith
 u
ni
fo
rm
 c
al
ib
ra
tio
n 
pr
io
rs
, 
un
le
ss
 o
th
er
w
is
e 
st
at
ed
. H
er
e 
“G
am
m
a”
 re
fe
rs
 to
 a
na
ly
se
s 
w
ith
 g
am
m
a 
ca
lib
ra
tio
n 
pr
io
rs
, w
ith
 “G
am
m
a 
W
AC
” (
ga
m
m
a 
w
ith
ou
t a
ng
io
sp
er
m
 c
al
ib
ra
tio
n)
 a
na
ly
se
s 
la
ck
in
g 
a 
co
ns
tra
in
t o
n 
th
e 
an
gi
os
pe
rm
 c
ro
w
n 
no
de
. “
An
gi
o 
24
8”
 re
fe
rs
 to
 
an
al
ys
es
 w
ith
 a
 m
ax
im
um
 c
on
st
ra
in
t o
f 2
48
 M
a 
on
 th
e 
an
gi
os
pe
rm
 c
ro
w
n 
no
de
 b
as
ed
 o
n 
th
e 
ag
e 
of
 th
e 
fir
st
 s
ed
im
en
ts
 
pr
ec
ed
in
g 
th
e 
ol
de
st
 o
cc
ur
re
nc
e 
of
 a
ng
io
sp
er
m
-li
ke
 p
ol
le
n 
(C
la
rk
e 
et
 a
l. 
20
11
; H
oc
hu
li 
an
d 
Fe
is
t-B
ur
kh
ar
dt
 2
01
3)
. “
M
ax
 
30
0,
” a
n 
ar
bi
tra
ry
 v
al
ue
 ro
ug
hl
y 
co
rre
sp
on
di
ng
 to
 th
e 
en
d 
of
 th
e 
C
ar
bo
ni
fe
ro
us
; “
M
ax
 3
30
,” 
ba
se
d 
on
 th
e 
es
tim
at
ed
 m
ea
n 
ag
e 
of
 th
e 
se
ed
 p
la
nt
 c
ro
w
n 
gr
ou
p 
by
 (M
ag
al
ló
n 
et
 a
l. 
20
13
); 
“M
ax
 3
66
,” 
fo
llo
w
in
g 
(C
la
rk
e 
et
 a
l. 
20
11
); 
“M
ax
 4
54
,” 
co
rre
sp
on
di
ng
 to
 th
e 
hy
po
th
es
is
ed
 o
ld
es
t t
ra
ch
eo
ph
yt
es
 b
as
ed
 o
n 
th
e 
ol
de
st
 re
co
rd
ed
 tr
ile
te
 s
po
re
s 
(S
te
em
an
s 
et
 a
l. 
20
09
); 
an
d 
“M
ax
 1
02
4”
, c
or
re
sp
on
di
ng
 to
 th
e 
ol
de
st
 p
ro
po
se
d 
ag
e 
fo
r l
an
d 
pl
an
ts
 (C
la
rk
e 
et
 a
l. 
20
11
), 
re
fe
r t
o 
th
e 
di
ffe
re
nt
 
m
ax
im
um
 a
ge
 c
on
st
ra
in
ts
 p
la
ce
d 
on
 th
e 
no
de
 c
or
re
sp
on
di
ng
 to
 c
ro
w
n-
gr
ou
p 
se
ed
 p
la
nt
s.
 T
he
 d
as
he
d 
ho
riz
on
ta
l l
in
es
 
in
di
ca
te
 th
e 
es
tim
at
ed
 a
ge
 o
f e
ac
h 
no
de
 fr
om
 th
e 
m
ai
n 
an
al
ys
is
 o
f d
at
a 
se
t C
P1
2.
 
 62 
 
estimates of other internal nodes were similar to those produced by 
the other analyses (Appendix 1: Figure A1.40). 
A third way to constrain the age of the angiosperm crown 
node is to implement priors based on assumptions about fossil 
preservation. Marshall (2008) proposed a method to establish the 
confidence interval that contains the true age of the clade in the tree 
with the most complete fossil record. The confidence interval is 
calculated using the minimum age of this clade (given by the oldest 
fossil), the number of branches in the phylogenetic tree represented 
in the fossil record, and the average number of localities from which 
each branch represented in the fossil record is known (see Marshall 
2008; Magallón et al. 2015). It is also possible to analyse fossil 
occurrence data in a Bayesian framework to estimate probability 
distributions for the timing of the origin of clades based on 
assumptions of fossil preservation (Silvestro et al. 2015). The 
effectiveness of this approach is contingent upon the number of 
fossils, but it could be used to generate informative calibration priors 
for fossil-rich clades for use in molecular dating analyses. 
The fossil-bracketing method of Marshall (2008) was the main 
approach used by Magallón et al. (2015), who estimated a 95% 
confidence interval of 139.35–136 Ma for the angiosperm crown 
node and used this to specify a uniform calibration prior in a 
Bayesian uncorrelated relaxed-clock analysis. Their analysis yielded 
precise age estimates for deeper divergences in the tree. When we 
repeated our analyses with an age constraint of 139.35–138.7 Ma for 
crown angiosperms, for many nodes we inferred ages with a similar 
precision to those estimated by Magallón et al. (2015) (Appendix 1: 
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Figures A1.41–A1.42). This precision was to be expected, given the 
tight constraints placed upon all calibrating nodes in this analysis. 
However, the estimated ages for some nodes had low precision, 
such as that for crown-group Magnoliaceae (86.6–8.9 Ma), perhaps 
due to differences in taxon sampling and the smaller number of fossil 
calibrations in our analyses compared with that of Magallón et al. 
(2015). When we plotted branch rates against their midpoint ages 
using this strong maximum constraint, we did not find any unusual 
trend of highly accelerated rates in early-diverging angiosperms 
(Appendix 1: Figure A1.43). The rategram for codon position 1 
indicates a potential large rate jump along the branch leading to 
crown-group Mesangiospermae, and another along the branch 
leading to the crown node of all non-Ranunculales eudicots 
(Appendix 1: Figure A1.44). In contrast, the rategram for codon 
position 2 indicates a potential large rate jump along the branch 
leading to all non-Amborella angiosperms, and another along the 
branch leading to the crown node of Rosidae (Appendix 1: Figure 
A1.45). It is also worth noting that in this analysis the soft bounds 
were not overcome. Although the fossil-bracketing method yielded 
estimates for divergence times within angiosperms that were 
congruent with those inferred in our unconstrained analyses, it forces 
an estimate of the angiosperm crown age that is probably too 
precise.  
Maximum age constraints are often criticised because of their 
perceived arbitrariness and because they involve strong assumptions 
about the absence of taxa. For the majority of our analyses, we 
placed a conservatively high maximum bound of 350 Ma on the root 
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of the tree. Substantial changes to this maximum age constraint did 
not strongly affect the estimated age of crown-group angiosperms. 
All of our mean age estimates for this node fell within the range of 
227–217 Ma, despite being produced by analyses with maximum 
constraints that ranged from 248 Ma for crown-group angiosperms to 
1024 Ma for crown-group seed plants (Figure 6; Appendix 1: Figures 
A1.46–51). However, the 95% credibility interval on the crown-group 
age of angiosperms slightly increased in width with an increasing 
maximum age constraint on seed plants. The same pattern was 
observed with the 95% credibility interval on the estimated age of the 
root. Additionally, with increasing maximum age constraints the 
estimated mean age of this node increased substantially. For 
example, when the maximum constraint of 1024 Ma was used, we 
inferred the age of the root to be 518 Ma. 
 We also chose a maximum age for the eudicots of 126.7 Ma, 
corresponding to the first appearance of tricolpate pollen grains in the 
Barremian–Aptian boundary (126.3±0.4 Ma). This calibration has 
been widely used in the past (e.g., Soltis et al. 2002; Anderson et al. 
2005; Magallón and Castillo 2009; Massoni et al. 2015a), albeit with 
some controversy (Smith et al. 2010). There is a complete absence 
of any tricolpate pollen before this time, despite its conspicuous 
nature, and its abundance and diversity steadily increases worldwide 
from the Aptian onwards. This suggests that its usage as a maximum 
bound is justified if the assumptions of this approach are 
acknowledged (Doyle 2012). However, we inferred an age of 145 Ma 
(154–136 Ma) for eudicots, suggesting that they arose earlier than 
believed, with the signal in the data and the other fossil calibrations 
 65 
 
overcoming the soft maximum age of 126.7 Ma that we imposed. In 
contrast, there did not appear to be sufficient signal in the data to 
overcome a soft maximum of 139.35 Ma when placed upon crown-
group Angiospermae.  
Additionally, we replaced the soft bounds with hard bounds to 
investigate the effect on the resulting age estimates. This had the 
greatest effect on the inferred age of the eudicots, leading to a 
younger mean age estimate with a narrower 95% credibility interval. 
The mean age estimate for monocots was also slightly younger than 
when soft bounds were used, but mean age estimates for magnoliids 
and ANA-grade angiosperms were slightly older (Appendix 1: Figure 
A1.52). It is worth noting that, despite hard maximum constraints 
being applied to both eudicots and the root, there was little impact on 
the inferred age for crown-group angiosperms. For a summary of 
inferred ages of important groups across all analyses within this 
study, see Appendix 1: Table A1.5. 
2.4. Conclusions 
Using analyses of near-complete chloroplast genomes, we have 
estimated that crown-group Angiospermae arose 221 Ma (251–192 
Ma), in the mid-Triassic. This inferred age is at least ~50 million 
years, and up to ~110 million years, older than the oldest known 
fossils attributed to crown-group angiosperms. However, an inferred 
Triassic origin of angiosperms is a common finding in modern, well 
calibrated studies based on relaxed molecular clocks that do not 
directly constrain the age of the angiosperm crown node. Hence, we 
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assessed a range of methodological factors that could lead to biased 
age estimates.  
We found that our estimate of the angiosperm evolutionary 
timescale was robust to large reductions in the number of loci we 
sampled, and to substantial changes to most models and priors. 
However, age estimates remain dependent on the choice of fossil 
calibration priors, with informative gamma priors generally leading to 
younger, highly precise inferred ages compared with those inferred 
using less informative uniform priors. Collectively, these findings 
suggest that future studies should consider focusing on increased 
taxon sampling, especially in relatively undersampled clades, rather 
than aiming for large increases in the number of loci. Increased taxon 
sampling benefits molecular dating estimates by allowing a larger 
number of fossil calibrations for a broader range of taxonomic groups 
(e.g., Magallón et al. 2015). Additionally, possible improvements in 
the accuracy of inferred ages through more representative taxon 
sampling might improve the ability to detect rate shifts within 
phylogenies (Beaulieu et al. 2015). 
In addition to increased taxon sampling, revision and 
refinement of the angiosperm evolutionary timescale are likely to 
come with significant methodological changes or with new 
information from the fossil record, including improvements in 
methods of modelling and incorporating fossil data. Recently 
developed methods are able to reconcile extinct and extant taxa in 
the same phylogenetic framework, allowing temporal information to 
be derived from fossils without the need for ad hoc calibration priors 
(Ronquist et al. 2012a; Gavryushkina et al. 2014; Heath et al. 2014). 
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This approach has been applied to Monocotyledoneae by analysing 
genetic data from 118 monocot taxa while incorporating temporal 
information from 247 fossils using the fossilised-birth-death tree prior 
(Eguchi and Tamura 2016). It is interesting to note that the ages 
inferred by Eguchi and Tamura (2016) are congruent with those we 
inferred in the present study, particularly for crown monocots (Eguchi 
and Tamura: 153 [174–134] Ma; present study: 160 [179–142] Ma). 
However, these methods require many morphological characters to 
be scored from both extinct and extant taxa. Until such morphological 
data are available, comprehensive evaluations of existing methods 
remain valuable, particularly given that the genomic era has brought 
a renewed focus on many historically challenging questions in 
biology. By utilising genome-scale data for a large taxon sample with 
many fossil calibrations, and examining the effects of various priors, 
calibrations, and phylogenetic methods, we have been able to 
present a detailed evaluation of many of the potential methodological 
impacts on age estimates of one of the most important biological 
groups on the planet. 
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Chapter 3 — Estimating the Number and 
Assignment of Clock Models in Analyses of 
Multigene Data Sets  
3.1. Introduction 
Evolutionary rates and timescales can be estimated from nucleotide 
sequences using molecular-clock models, which describe the pattern 
of rate variation among lineages. The various clock models share a 
reliance on age calibrations, but they differ in their assumptions about 
the number and distribution of distinct evolutionary rates (reviewed by 
Ho and Duchêne 2014). For example, the strict molecular clock 
assumes a single rate across all lineages (Zuckerkandl and Pauling 
1962), whereas uncorrelated relaxed clocks allow branches to have 
distinct rates that are drawn from the same distribution (Drummond 
et al. 2006; Rannala and Yang 2007). There are various model-
selection methods for identifying the best-fitting clock model for a 
data set of interest (e.g., using marginal likelihoods; Baele et al. 
2013). The choice of clock model can have substantial impacts on 
phylogenetic estimates, particularly those of evolutionary rates and 
timescales. 
Rates of molecular evolution often vary among lineages, but this 
pattern of variation can differ across sites and across genes (Muse 
and Gaut 1997; Gaut et al. 2011). Therefore, when complex 
sequence data are being analysed, the use of multiple clock models 
might provide a better fit (e.g. higher marginal likelihood) than a 
single clock model. For example, separate clock models might be 
applied to different genes or codon positions. 
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In analyses of multigene data sets, there are usually many 
possible partitioning schemes. Identifying the best-fitting schemes 
involves two components: determining the optimal number of 
clusters, and assigning the genes to these clusters. In Bayesian 
analyses, this can be done using Bayes factors to compare different 
clock-partitioning schemes (Ho and Lanfear 2010). However, such 
an approach is impractical when there are many candidate schemes, 
as is often the case for multigene or genome-scale data sets, 
because the statistical fit of every possible scheme would need to be 
assessed. 
Clustering methods provide a computationally feasible means of 
identifying appropriate clock-partitioning schemes, by grouping 
subsets of the data according to their pattern of among-lineage rate 
variation (Duchêne et al. 2014). Similar approaches are available for 
selecting partitioning schemes for substitution models (Frandsen et 
al. 2015). The software ClockstaR, which was designed to identify 
the best-fitting clock-partitioning scheme for multigene data sets 
(Duchêne et al. 2014), employs a k-medoids clustering algorithm 
known as partitioning around medoids (Kaufman and Rousseeuw 
2005). However, other clustering methods, such as k-means and 
Gaussian mixture modeling, have not been tested in the context of 
clock-model selection. One advantage of Gaussian mixture models is 
that they can represent the shapes of clusters flexibly by using 
covariance matrices. For example, they can use a diagonal 
covariance matrix to identify clusters with ellipsoidal shapes, such 
that they might have higher accuracy than k-medoids. 
 70 
 
Here we test the performance of three different clustering 
methods for identifying the clusters of patterns of among-lineage rate 
variation in multigene data sets: variational inference Gaussian 
mixture model (VBGMM), Dirichlet process Gaussian mixture model 
(DPGMM), and partitioning around medoids (PAM). We evaluate 
these three methods using simulated data and apply them to 
chloroplast genome sequences from angiosperms. We find that the 
optimal number of clusters for these data sets range from one to 
three. Our results also reveal that mixture models, such as VBGMM 
and DPGMM, tend to detect a larger number of clusters than 
methods based on partitioning, such as PAM. Mixture models also 
appear to be more robust than PAM in that they can detect the 
correct number of clusters in a broader range of simulation 
conditions. 
3.2. Materials and methods 
3.2.1. Clustering methods 
We compared the performance of three different methods: VBGMM 
and DPGMM, as implemented in the Python module Scikit-learn 
v0.16 (Pedregosa et al. 2012), and PAM implemented in the R 
package Cluster v1.15 (Maechler et al. 2005). The PAM algorithm, 
also known as k-medoids, is very similar to the k-means algorithm. It 
involves randomly choosing k data points from the data, known as 
the ‘medoids’. The remaining data points are assigned to their closest 
medoid to form k clusters. In the next step, the medoids are replaced 
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by the data points that are closest to the center of each cluster, 
resulting in new medoids. The data points are reassigned to the new 
medoids. The last two steps are repeated until the medoids are the 
same for successive iterations. To select the optimal value of k, we 
use the Gap statistic, which uses the ratio of cluster width to distance 
between clusters, as a measure of goodness-of-fit (Tibshirani et al. 
2001). In our analyses, each cluster represents a group of genes that 
have similar patterns of among-lineage rate variation. 
The VBGMM and DPGMM assume that the data were 
generated from a mixture of Gaussian probability distributions, also 
known as ‘components’, with unknown parameters. Both of these 
methods incorporate information about the covariance structure of 
the data. The most commonly used are the spherical and the 
diagonal covariance matrices. The spherical covariance matrix 
assumes that each cluster has the same variance across 
dimensions, resulting in spherical clusters. In contrast, in the diagonal 
covariance matrix the variance can differ among dimensions, such 
that clusters can take ellipsoidal shapes. The number of components 
for VBGMM is finite, so they need to be specified a priori. To select 
the optimal value, we calculate the Bayesian Information Criterion 
(BIC) for values of k from 1 to n−1, where n is the number of data 
points. In DPGMM, the number of components is infinite, but the 
number of clusters to which the data are assigned is defined by a 
Dirichlet process. In practice, the implementation of DPGMM requires 
an upper bound for the number of components, which we set as n−1. 
For both the VBGMM and the DPGMM algorithms, we used the BIC 
to compare the fit of diagonal and spherical covariance matrices. 
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However, the BIC cannot be computed for PAM, such that the 
performance of this method cannot be assessed using this metric. 
3.2.2. Chloroplast genome data 
We obtained complete chloroplast genome sequences of 
angiosperms from GenBank (Appendix 2.1: Table A2.1). The 
advantage of analysing genes from the non-recombining chloroplast 
genome is that they all share the same topology, which is an 
important requirement of these methods. We initially aligned all 
protein-coding genes using MUSCLE v3.5 (Edgar 2004), followed by 
visual inspection. Three genes (infA, ycf1 and ycf2) were excluded 
because of alignment ambiguities, leaving 76 genes for subsequent 
analysis, although this number varied among taxonomic groups. To 
reduce potential impacts of missing data, we excluded any sites in 
the alignment at which a gap was present for ≥80% of taxa. 
Our initial data set contained 183 taxa, including 
representatives of all major angiosperm groups. We drew 
subsamples to form five data sets representing different taxonomic 
levels: (i) angiosperms (18 taxa); (ii) eudicots (15 taxa); (iii) rosids (13 
taxa); (iv) Poaceae (20 taxa); and (v) Asteraceae (7 taxa). For the 
Poaceae and Asteraceae data sets, some gene alignments 
consisted primarily of missing data, so we removed these alignments 
and used 61 and 74 genes, respectively, instead of the 76 genes in 
the complete set of gene alignments. For each of the five taxonomic 
data sets, we concatenated all of the genes to infer the topology 
using maximum likelihood in PhyML v3.1 (Guindon et al. 2010) with 
 73 
 
the GTR+Γ nucleotide substitution model. We then estimated 
individual gene trees while constraining the tree topology to that 
inferred from the concatenated data, which is equivalent to optimising 
the branch lengths. 
Clustering algorithms typically cluster data points represented 
in an n-dimensional space. Previous studies have used individual 
branch lengths as dimensions in which to represent gene trees as 
data points (e.g., dos Reis et al. 2012; Duchêne et al. 2014; Duchêne 
and Ho 2015). We used the same approach by treating the branch 
lengths as a proportion of the total tree length and using a log10 
transformation. Our empirical data and example code are available 
online 
(https://github.com/sebastianduchene/pacemaker_clustering_method
s). 
3.2.3. Simulations 
To test the performance of the clustering methods under known 
conditions, we first generated data sets by simulating data points 
using the mixture model with the highest fit according to the BIC. This 
involved sampling data points from the mixture of distributions 
inferred by the model. We also simulated data under optimal 
conditions for the PAM algorithm. To do this, we estimated the mean 
and standard deviation of each dimension for each cluster inferred 
using the mixture models to represent the clusters as multivariate 
normal distributions. We then sampled data points from these 
distributions. In both simulation scenarios, the simulations have the 
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same dimensions as the chloroplast genome data described above, 
but they differ in the shape and spread of the clusters. We conducted 
100 simulations for each of the chloroplast data sets and analysed 
them using all of the clustering algorithms. We analysed the 
simulated data sets using the mixture models, then we selected the 
model with the highest statistical fit and noted the optimal value of k. 
We also estimated k using the Gap statistic under the PAM 
algorithm. 
Our simulations serve two specific purposes. First, they allow 
us to assess the stability, or reproducibility, of the methods; that is, 
whether the same model and value of k is recovered for data sets 
generated under the same simulation conditions. Second, the 
simulations can be interpreted as parametric bootstrap replicates: if 
the inferences of the model are robust, the simulated data sets 
should have the same optimal model and number of clusters as 
those inferred for the empirical data. 
3.3. Results 
In our analyses of five chloroplast data sets, the VBGMM with a 
spherical covariance matrix had higher fit than the other mixture 
models (Table 3.1). Using this method, the optimal number of 
clusters ranged from one to three across the five data sets (Figure 
3.1; Appendix 2.1: Figure A2.1). The PAM algorithm inferred one 
cluster for Poaceae, rosids, and eudicots, and two clusters for 
Asteraceae and angiosperms. Although the number of clusters 
inferred by all of the methods was similar, VBGMM with a spherical 
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Table 3.1. Number of clusters (k) of branch-length patterns among genes 
in five chloroplast data sets, estimated using different clustering methods 
and covariance matrices  
 
Data set Model Covariance 
matrix 
BIC k 
Angiosperms VBGMM Diagonal 10126.0 2 
  VBGMM Spherical 9474.2 1 
 DPGMM Diagonal 31939.1 2 
 DPGMM Spherical 20823.2 2 
 PAM – – 2 
Poaceae VBGMM Diagonal 9856.7 2 
 VBGMM Spherical 9191.5 2 
 DPGMM Diagonal 28274.2 1 
 DPGMM Spherical 18606.3 2 
 PAM – – 1 
Eudicots VBGMM Diagonal 8521.9 2 
 VBGMM Spherical 7657.2 2 
 DPGMM Diagonal 26545.8 2 
 DPGMM Spherical 17265.2 2 
 PAM – – 1 
Asteraceae VBGMM Diagonal 3728.3 2 
 VBGMM Spherical 3465.6 3 
 DPGMM Diagonal 10756.2 2 
 DPGMM Spherical 7584.7 2 
 PAM – – 2 
Rosids VBGMM Diagonal 7218.9 2 
 VBGMM Spherical 6336.5 2 
 DPGMM Diagonal 22633.8 3 
 DPGMM Spherical 14539.2 3 
 PAM – – 1 
 
Data sets were analysed with the variational inference Gaussian mixture model (VBGMM), Dirichlet 
process Gaussian mixture model (DPGMM), and partitioning around medoids (PAM). The Bayesian 
information criterion (BIC) was used to compare the fit of the mixture models to each data set, with the 
best-fitting model shown in bold. 
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covariance matrix tended to infer the largest number of clusters. The 
exception was the angiosperm data set, for which VBGMM with a 
spherical covariance matrix only identified one cluster, whereas the 
other methods identified two clusters. Importantly, for all data sets 
there were at least some discrepancies in the number of clusters 
inferred by the methods. The PAM algorithm inferred the smallest 
number of clusters for almost all of the data sets. 
Our analyses of data simulated under mixture models showed 
that the algorithms with mixture models correctly identified the model 
used to generate the data and the number of clusters for a majority of 
the simulations (Table 3.2). In all cases, the VBGMM with a spherical 
covariance matrix presented the highest statistical fit for all 100 
simulations. For the chloroplast data from angiosperms, Poaceae 
and eudicots, the estimated value of k matched the true value in all 
100 simulation replicates. For rosids, the correct value of k was 
recovered for 97% of the simulated data sets. The mixture model 
fitted to the Asteraceae data set performed the most poorly. In this 
case, the correct value of k was recovered for only 69% of the 
simulated data sets. The fact that the frequency of the optimal k is 
overall high for the mixture model also indicates that it is stable, 
yielding similar estimates for data simulated under the same 
conditions. 
For the simulations based on mixture models, the PAM 
algorithm performed more poorly (Table 3.2). It only recovered the 
true value of k for the simulations using the model fitted to the 
angiosperms. For the other simulations, it tended to estimate a larger 
number of clusters, from five in the simulations using the model fitted  
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Data set True 
k 
kmixture Frequency 
of kmixture 
kPAM Frequency 
of kPAM 
VBGMM simulations 
Angiosperms 1 1 1.00 1 1.00 
Poaceae 2 2 1.00 5 0.66 
Eudicots 2 2 1.00 7 0.30 
Asteraceae 3 3 0.69 7 0.20 
Rosids 2 2 0.97 8 0.32 
PAM simulations 
Angiosperms 
Poaceae 
1 
2 
1 
2 
1.00 
1.00 
1 
2 
1.00 
1.00 
Eudicots 
Asteraceae 
2 
3 
2 
3 
1.00 
1.00 
2 
3 
1.00 
1.00 
Rosids 2 2 1.00 2 1.00 
 
Results are based on analyses of 100 simulations under the model fitted to each of the five chloroplast 
data sets. In all cases, the most frequently chosen mixture model was the VGBMM with a spherical 
covariance matrix (frequency of 1.00). kmixture is the most frequent k for analyses of the data simulated 
using mixture models. kPAM is the most frequent k for the analyses using the PAM algorithm, with its 
corresponding frequency. 
 
  
Table 3.2. Estimated number of clusters (k) of branch-length patterns among 
genes in simulated data sets 
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to Poaceae to eight for the simulations under the model fitted to the 
rosids. The stability of this algorithm was also much lower than that of 
the mixture models for most data sets. For example, for the 
Asteraceae data, the most frequent value of k was present in 20 of 
the 100 simulated data sets, with many different values of k being 
inferred for the remaining 80 simulated data sets. This probably 
occurred because this data set contains a small number of points, 
such that there is greater variation among simulation replicates. The 
simulations using the model fitted to the angiosperm data had more 
stable results, with a frequency of 1.00 for k = 1. 
In our analyses of data simulated under conditions consistent 
with the assumptions of the PAM algorithm, we found that both 
mixture models and PAM recovered the correct number of clusters 
with a frequency of 1.00. As with the data simulated using mixture 
models, the VGBMM with a spherical covariance matrix had the 
highest statistical fit among the mixture models. Collectively, our 
analyses of simulated data show that mixture models and the PAM 
algorithm perform well when the model used to generate the data 
matches that used to infer the number of clusters. However, mixture 
models performed well even when the data were simulated using a 
scenario based on PAM, such that they provide more robust 
estimates. 
3.4. Discussion 
We investigated the performance of three different clustering 
methods for grouping genes according to their patterns of among-
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lineage rate variation. We have found that the VBGMM with a 
spherical covariance matrix provides the best fit among the mixture 
models to a range of chloroplast data sets, and our simulation study 
confirms the stability of this method. The PAM algorithm failed to 
recover the simulation conditions under VBGMM in most cases, 
probably because the shape of the clusters is difficult to capture 
using this method. In contrast, VBGMM frequently estimated the 
correct number of clusters irrespective of the simulation method. This 
differs from the results of previous studies of clustering methods for 
branch-length patterns, which found that the PAM algorithm 
appeared to perform well (Duchêne et al. 2014; Duchêne and Ho 
2015). However, we reanalysed a mammalian genome data set from 
our previous study (Duchêne and Ho 2015) and found a similar 
number of clusters (Appendix 2.2); the most stable mixture model 
(DPGMM) supported seven clusters, compared with 13 using PAM in 
the original study. This suggests that, in empirical studies, it is 
important to compare the inferences from different clustering 
algorithms. In this study, for example, the estimated numbers of 
clusters for the empirical data are very similar among clustering 
algorithms. We find that mixture models provide a powerful 
alternative that can flexibly accommodate different cluster shapes. 
The results from these models also appear more stable under 
different simulation conditions, at least for the data sets analysed 
here. Another advantage of these methods is that their parametric 
nature offers a simple framework for conducting simulations, which 
should be done routinely to assess the robustness of the results. 
Importantly, the shape of the clusters and choice of covariance 
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structure do not necessarily have biological implications. Rather, they 
provide a convenient mathematical description of the cluster shapes. 
The clusters identified in our analyses represent groups of 
genes that have similar patterns of among-lineage rate variation 
(pacemakers). All of the clustering algorithms suggest that the 
evolution of chloroplast genomes in angiosperms and nuclear 
genomes in mammals has been governed by a small number of 
pacemakers, each of which leads to a distinct pattern of rate variation 
among lineages (Snir et al. 2012; Ho 2014). This is consistent with 
previous findings from prokaryotes (Snir 2014), Drosophila, and 
yeast (Snir et al. 2014). Furthermore, comparing the gene clusters 
across our five angiosperm data sets reveals that there is some 
consistency in pacemakers across different taxonomic scales (Figure 
1). However, additional work will be needed to understand the 
biological bases of these pacemakers. 
Identifying genes with similar patterns of among-lineage rate 
variation has important applications in phylogenetic analyses. 
Notably, in molecular dating studies, estimates of divergence times 
have been shown to be more accurate if a separate relaxed-clock 
model is assigned to each cluster of genes (Duchêne and Ho 2014). 
Our results indicate that multigene data sets might only exhibit a 
small number of distinct patterns of rate variation among lineages. 
This has notable implications for analyses of genome-scale data 
sets, for which only a small number of relaxed-clock models might be 
sufficient to capture the key components of evolutionary rate 
variation. To this end, clustering methods provide a feasible and 
reliable alternative to more computationally demanding approaches 
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to selecting clock-partitioning schemes for molecular dating analyses. 
In particular, mixture models might have better performance than 
the k-medoids and k-means algorithms for genomic data because 
they can model clusters of different shapes. Increasing the adoption 
of these methods will help to improve estimates of evolutionary rates 
and timescales from genome-scale data sets. 
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Chapter 4 — Strategies for Partitioning Clock 
Models in Phylogenomic Dating: Application to 
the Angiosperm Evolutionary Timescale 
4.1. Introduction  
Evolutionary timescales can be estimated from molecular sequence 
data using phylogenetic methods based on the molecular clock (Ho 
and Duchêne 2014; dos Reis et al. 2016; Bromham et al. in press). In 
practice, most data sets exhibit substantial rate heterogeneity among 
lineages. These “lineage effects” can be caused by variation in life-
history traits, generation time, or exposure to mutagens (Smith and 
Donoghue 2008; Gaut et al. 2011; Lanfear et al. 2013). Among-
lineage rate variation can be taken into account using Bayesian 
relaxed-clock models, in which the rates can be assumed to be either 
correlated between neighbouring branches (Thorne et al. 1998; 
Kishino et al. 2001) or drawn independently from a chosen 
distribution (Drummond et al. 2006; Rannala and Yang 2007).  
A number of factors can cause rates to vary across loci in the 
genome (Wolfe et al. 1987). These “gene effects” can be taken into 
account by allowing each locus to have a distinct relative rate. Less 
certain is the best way to deal with interactions between gene effects 
and lineage effects, which can be caused by differences in selective 
pressure and other processes (Gaut et al. 2011). In this case, the 
extent and patterns of among-lineage rate heterogeneity vary across 
genes or other subsets of the data. This form of rate variation can be 
captured by assigning separate clock models to different subsets of 
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the data (Ho and Duchêne 2014), a process that we refer to here as 
clock-partitioning.  
Appropriate clock-partitioning can improve the precision of 
Bayesian date estimates (as measured by the associated 95% 
credibility intervals), but it is rarely done in practice. This is also 
despite widespread adoption of partitioning schemes for substitution 
models (Lanfear et al. 2012). The most likely explanation is that the 
use of clock-partitioning in Bayesian phylogenetics greatly increases 
the risk of overparameterisation, and thus to reduced Markov chain 
Monte Carlo performance. Overparameterisation has been 
previously addressed in light of the bias-variance trade-off, which is 
well established in statistical theory (Burnham and Anderson 2003). 
Compared with a complex, parameter-rich model, a simple model 
that underfits data is expected to have low accuracy (high bias) but 
high precision (low variance). Conversely, a parameter-rich model 
that overfits the data is likely to have higher accuracy, but this comes 
at the cost of reduced precision. The best model is an intermediate 
one that simultaneously maximises accuracy and precision 
(Wertheim et al. 2010) 
It is useful to consider the bias-variance trade-off in the 
context of molecular dating with partitioned clock models. Patterns of 
among-lineage rate variation are likely to differ across genes (Muse 
and Gaut 1994), so increasing the number of relaxed clocks will 
better capture these patterns of rate heterogeneity and should lead to 
more accurate age estimates (Duchêne and Ho 2014). However, 
each clock-subset has parameters that need to be estimated, 
including a distinct set of branch rates. As a consequence, increasing 
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the degree of clock-partitioning should lead to a widening of the 
posterior distributions of parameters.  
Contrary to the expectations of the bias-variance trade-off, 
increasing the degree of clock-partitioning tends to improve the 
precision of Bayesian age estimates (Zhu et al. 2015). One possible 
explanation for this lies in the treatment of the uncertainty in the 
estimates of genetic branch lengths. The accuracy and precision of 
evolutionary rate estimates depend on the accurate inference of 
branch lengths (in substitutions per site). In the case of molecular 
dating, branch rates for each clock-subset are combined with node 
times to give the branch lengths. Therefore, as the number of clock-
subsets increases, the node times in the chronogram are estimated 
from an increasing number of data points, leading to increasing 
precision. Although branch-length estimation generally improves as 
the amount of sequence data increases, branch lengths can be 
estimated with reasonable accuracy even with fairly small amounts of 
sequence data (Yang and Rannala 2006). This suggests that for a 
data set of a (large) fixed size, increasing the number of clock-
subsets should lead to improved precision in divergence-time 
estimates until the amount of sequence data in each clock-subset 
decreases to a critical point.  
Zhu et al. (2015) explain this phenomenon in their “finite sites” 
theory, although they use the term “loci” to refer to clock-subsets. 
Even with sequences of infinite length, there will still be uncertainty in 
the age estimates, corresponding to the uncertainty in the fossil 
calibrations ("infinite data limit"; Yang and Rannala 2006; dos Reis 
and Yang 2013). As the number of clock-subsets (L) increases, the 
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finite-sites theory suggests that the uncertainty in age estimates 
decreases to the infinite-data limit at the rate of 1/L (Zhu et al. 2015). 
This property has important consequences for analyses of genome-
scale data sets, whereby many genes are analysed concurrently. 
Therefore, it is important that both the finite-sites theory and the bias-
variance trade-off are tested comprehensively on a genome-scale 
data set with clock-partitioning. 
Persistent uncertainty in molecular date estimates is perhaps 
best exemplified by studies of the origins of flowering plants 
(angiosperms) (Chapter 1). The earliest unequivocal angiosperm 
fossils are tricolpate pollen grains from the Barremian–Aptian 
boundary, from approximately 125.9 million years ago (Ma) (Hughes 
1994). Older pollen grains from the Hauterivian provide some 
evidence of crown-group angiosperms, and are usually accepted as 
belonging to this group, albeit with less confidence than for the 
tricolpate pollen grains (Herendeen et al. 2017). Patterns of 
diversification in the broader fossil record suggest that angiosperms 
are unlikely to have arisen much earlier than this time (Magallón et al. 
2015; Sauquet et al. 2017). The majority of molecular dating 
analyses tell a vastly different story, with most recent analyses 
inferring an origin within the Triassic (Chapter 2). Estimates of the 
angiosperm evolutionary timescale appear to be largely robust to the 
source of genetic markers, despite the choice between chloroplast-
derived markers or nuclear-derived markers potentially affecting the 
deep nodes of the angiosperm phylogeny (Wickett et al. 2014; Zeng 
et al. 2014). However, the uncertainty surrounding the age of the 
angiosperm crown node is large, often spanning an interval of many 
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tens of millions of years, unless strong age constraints are placed on 
the node. This uncertainty could be masking any interesting 
biological processes driving the age estimates for deep nodes. 
Improving the accuracy and precision of estimates of the age of 
crown angiosperms thus represents a key goal of molecular dating. 
In this study, we use a Bayesian phylogenetic approach to 
investigate the impact of clock-partitioning on the precision of 
divergence-time estimates. We also investigate whether the criteria 
used to assign genes to different clocks has an impact on estimation 
error. To do so, we infer the evolutionary timescale of angiosperms 
using a plastome-level data set. In analyses with clock-partitioning 
schemes comprising up to 20 clock-subsets, we allocate genes to 
clock-subsets based on patterns of among-lineage rate heterogeneity 
or relative substitution rate, or through random assignment. In all 
cases, we confirm that increasing the degree of clock-partitioning can 
lead to vast improvements in the precision of Bayesian date 
estimates. 
4.2. Materials and methods 
4.2.1. Data sets and clock-partitioning 
We obtained full chloroplast genome sequences for 52 angiosperm 
taxa and two gymnosperm outgroup taxa from GenBank (Appendix 
3: Table A3.1). Each angiosperm taxon was chosen to represent a 
different order, with our sampling designed to include as many as 
possible of the 63 angiosperm orders recognised by the Angiosperm 
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Phylogeny Group (2016). We extracted all 79 protein-coding genes 
from the chloroplast genomes, although some genes were missing 
from some taxa. We initially translated all genes into amino acid 
sequences using VirtualRibosome (Wernersson 2006) and aligned 
them using MAFFT v7.305b (Katoh and Standley 2013). We then 
translated the aligned amino acid sequences back into nucleotide 
sequence alignments using PAL2NAL (Suyama et al. 2006), made 
manual adjustments, and filtered out any sites in the alignment at 
which a gap was present in ≥80% of the taxa. Our total core data set 
consisted of 68,790 nucleotides, of which only 7.54% sites contained 
gaps or missing data (Appendix 3: File A3.1). 
Our primary strategy for clock-partitioning based on patterns 
of among-lineage rate heterogeneity was to analyse the genes using 
ClockstaR v2 (Duchêne et al. 2014). ClockstaR takes predefined 
subsets of the data, along with the estimated gene tree for each 
subset, and determines the optimal clock-partitioning scheme for the 
data set. This involves identifying the optimal number of clock-
subsets (k), as well as the optimal assignment of the data subsets to 
each of these clock-subsets. We used the partitioning around 
medoids (PAM) algorithm within ClockstaR for this purpose, which 
identifies k objects (medoids) that are centrally located within clusters 
(Kaufman and Rousseeuw 2005). In our case, this strategy identifies 
groups of genes that have the most similar patterns of among-
lineage rate heterogeneity for increasing numbers of clusters (clock-
subsets). Comparison of clock-partitioning schemes is done by 
comparing the patterns of among-lineage rate heterogeneity across 
the gene trees and clustering the gene trees according to the gap 
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statistic (Gapk) (Tibshirani et al. 2001). The gap statistic method 
evaluates the goodness-of-clustering for each value of k by 
comparing the mean within-cluster dispersion of the data with that of 
bootstrap reference data sets. Higher values for Gapk indicate a 
better statistical fit, and the optimal number of clusters (clock-
subsets) is selected as the smallest value of k that yields a peak in 
Gapk (Tibshirani et al. 2001). ClockstaR can also determine the 
optimal clock-partitioning scheme for any value of k. In our case, 
each of the 79 protein-coding genes was considered as a separate 
data subset for the ClockstaR analysis. 
ClockstaR requires all data subsets to share the same tree 
topology. Since the chloroplast genome does not typically undergo 
recombination (Birky 1995), all of its genes should share the same 
topology. Therefore, we first inferred the phylogeny for the 
concatenated data set using maximum-likelihood analysis in IQ-
TREE v1.50a (Nguyen et al. 2015), with node support estimated 
using 1000 bootstrap replicates with the ultrafast bootstrapping 
algorithm (Minh et al. 2013). We partitioned the data set by codon 
position using the edge-linked partition model (Chernomor et al. 
2016), and implemented the GTR+Γ4 model of nucleotide substitution 
for each subset. The best-scoring tree was very similar to previous 
estimates of the angiosperm phylogeny based on chloroplast data 
(Moore et al. 2010; Soltis et al. 2011), and we found strong support 
for most nodes in the tree (Appendix 3: Figure A3.1). We used this 
tree for ClockstaR and optimised the branch lengths for each gene 
alignment. Finally, we determined the optimal value of k, and then 
created 12 clock-partitioning schemes using the optimal assignment 
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of genes to clock-subsets for values of k from 1 to 10, 15, and 20 
(“PCSTAR” schemes).  
As a means of comparison with the ClockstaR partitioning 
schemes, we also chose clock-partitioning schemes based on 
relative substitution rates across genes (dos Reis et al. 2012). To do 
so, we focused on a subset of 20 taxa for which sequences of all 79 
protein-coding genes were available (Appendix 3: Table A3.1). We 
then analysed each gene using maximum likelihood in IQ-TREE, in 
each case partitioning by codon position and implementing the GTR+ 
Γ4 model of nucleotide substitution for each codon position. Using the 
tree lengths as a proxy for the overall substitution rate of each gene, 
we created 11 partitioning schemes based on relative rates of 
substitution (“PRATE” schemes), in which we assigned genes to clock-
subsets for values of k from 2 to 10, 15, and 20. 
For an additional form of comparison, we generated clock-
partitioning schemes with genes randomly allocated to clock-subsets. 
Genes were randomly sampled without replacement in R v3.3.2 (R 
Core Team 2016) and assigned to clock-subsets for values of k from 
2 to 10, 15, and 20. We repeated this process three times, resulting 
in a total of 33 clock-partitioning schemes in which genes were 
randomly assigned to clock-subsets (“PRAND” schemes). 
4.2.2. Molecular dating 
We inferred the evolutionary timescale using MCMCTREE in PAML 
v4.8 (Yang 2007) with the GTR+Γ4 model of nucleotide substitution. 
A key requirement of MCMCTREE is a fixed tree topology, so we 
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used the best-scoring tree that we estimated from the total 
concatenated data set using IQ-TREE. We primarily analysed our 
data sets with the uncorrelated lognormal (UCLN) relaxed clock 
(Drummond et al. 2006; Rannala and Yang 2007), but replicated all 
analyses to check for any differences under the autocorrelated 
lognormal (ACLN) relaxed clock (Thorne et al. 1998; Kishino et al. 
2001).  
We estimated the overall substitution rate for each clock-
partitioning scheme by running baseml under a strict clock, with a 
single point calibration at the root. We then used this estimate to 
select the shape (α) and scale (β) parameters for the gamma-
Dirichlet prior on the overall substitution rate across loci in the 
MCMCTREE analysis according to the formulae α = (m/s)2 and β = 
m/s2, where m and s are the mean and standard deviation of the 
substitution rate, respectively. For all analyses, we set the shape and 
scale parameters for the gamma-Dirichlet prior on rate variation 
across branches to 1 and 3.3, respectively. The posterior distribution 
of node ages was estimated with Markov chain Monto Carlo 
sampling, with samples drawn every 103 steps across a total of 107 
steps, after a discarded burn-in of 106 steps. We ran all analyses in 
duplicate to assess convergence, and confirmed sufficient sampling 
by checking that the effective sample sizes of all parameters were 
above 200. 
We repeated the MCMCTREE analysis for all PCSTAR, PRATE, 
and PRAND schemes. An advantage of MCMCTREE is the option to 
use approximate likelihood calculation, which is much faster than full 
likelihood calculation (Thorne et al. 1998; dos Reis and Yang 2011). 
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However, this precludes the calculation of marginal likelihoods using 
path sampling and similar methods, which require the full likelihood to 
be computed. Instead, we compared the means and 95% credibility 
intervals of the posterior estimates of divergence times across our 
partitioning strategies. We chose to focus on six nodes in the 
angiosperm phylogeny: the crown groups of all angiosperms, 
magnoliids, monocots, eudicots, campanulids, and Liliales. The first 
four of these were chosen because they define major clades in the 
angiosperm phylogeny. The other two nodes were chosen because 
they do not have explicit fossil-based calibration priors. 
For each of the 12 numbers of clock-subsets, we sampled 
from the joint prior by running the analysis without data. This allowed 
us to compare the prior and posterior distributions of node ages and 
to observe the influence of changing the number of clock-subsets. 
The PCSTAR, PRATE, and PRAND schemes are all treated as identical 
because the sequence data are not taken into account.  
4.2.3. Fossil calibrations 
Calibrations are the most important component of Bayesian 
molecular dating, with critical impacts on posterior estimates of 
divergence times. Therefore, we selected a set of 23 calibration 
priors primarily based on recent studies that carefully considered the 
phylogenetic affinities of angiosperm fossils (Table 4.1). We also 
applied two calibration priors to the gymnosperm outgroup. Fossils 
can strictly only provide a minimum age for the divergence of 
lineages from their common ancestor, so we chose to implement
 93 
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fossil calibrations primarily as uniform distributions with soft bounds 
This approach assigns an equal prior probability for all ages between 
specified minimum and maximum ages, with a 2.5% probability that 
the age surpasses each bound (Yang and Rannala 2006).  
We implemented two maximum age constraints: 1) 350 Ma for 
the divergence between angiosperms and gymnosperms (the root), a 
well accepted upper bound for this divergence (Chapter 2); and 2) 
126.7 Ma for the origin of crown eudicots, corresponding to the upper 
bound of the Barremian–Aptian boundary (reviewed by Massoni et 
al. 2015a). The latter constraint is widely used and is justified by the 
complete absence of tricolpate pollen before the latest Barremian, yet 
some molecular dating results have suggested an earlier origin for 
eudicots (Chapter 2; Smith et al. 2010; Zeng et al. 2017). 
Ranunculales, one of the earliest-diverging eudicot orders, has a 
fossil record dating back to the late Aptian/early Albian. Therefore, 
implementing the eudicot maximum constraint results in a strong 
prior being placed on crown-group eudicots appearing between 
~126.7 and 112.6 Ma. As a result, including the eudicot maximum 
constraint leads to the eudicot crown node being a useful example of 
a heavily constrained node for downstream comparisons of the 
uncertainty in posterior age estimates. 
For comparison, we also performed analyses with our PCSTAR 
schemes using gamma calibration priors and the UCLN relaxed 
clock. In this case, the mean of each gamma prior was set to the age 
of each fossil +10%, with an arbitrary standard deviation of 2 (Table 
4.1). This effectively brackets the age estimates of calibrated nodes 
within a very narrow interval. In such a calibration scheme, the 
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precision of age estimates is not expected to improve substantially 
with increased clock-partitioning. 
4.3. Results 
4.3.1. Angiosperm evolutionary timescale 
Our ClockstaR analysis identified the optimal value of k to be 1, 
suggesting that a single pattern of among-lineage rate heterogeneity 
is shared across protein-coding genes from the chloroplast genomes. 
However, despite k=1 being optimal, the values of the gap statistic 
were still higher for all values of k>5 (Figure 4.1). Based on our 
analysis using the optimal clock-partitioning scheme (k=1) and the 
UCLN relaxed clock, we estimated the time to the most recent 
common ancestor of angiosperms to be 196 Ma (95% credibility 
interval 237–161 Ma; Figure 4.2). We inferred that crown magnoliids 
first appeared 171–115 Ma, and that crown monocots arose 
contemporaneously, 167–120 Ma. Crown eudicots were inferred to 
have arisen 128–124 Ma, with this precise estimate reflecting the 
strong calibration prior placed upon this node. Finally, our estimates 
for the time to the most recent common ancestors of campanulids 
and Liliales were 101–91 Ma and 108–91 Ma, respectively. 
The true age of crown angiosperms is unknown, so we cannot 
assess the absolute accuracy of our date estimates. Instead, we 
consider the consistency of mean age estimates across analyses 
(Hillis 1995). The mean age estimates for all crown angiosperms, 
magnoliids, and monocots varied slightly across values of k from 1 to 
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Figure 4.1. Gap statistic values (open circles) and associated variance (red 
vertical lines) for different numbers of clock-subsets (k) for the plastome-scale 
angiosperm data set, inferred using partitioning around medoids in ClockstaR. 
The asterisk indicates the optimal number of clock-subsets. 
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Figure 4.2. Chronogram depicting the evolutionary timescale of 52 angiosperm 
taxa and two gymnosperm outgroup taxa. The chronogram was estimated using 
Bayesian analysis of 79 genes from the 54 taxa in MCMCTREE, implementing 
the optimal clock-partitioning scheme (k = 1) and the uncorrelated lognormal 
relaxed clock. Tip labels indicate the taxa sampled in our study, with the orders 
they belong to in parentheses. Numbers in circles correspond to our six nodes of 
interest, as follows: 1) Angiospermae, 2) Magnoliidae, 3) Monocotyledoneae, 4) 
Liliales, 5) Eudicotyledoneae, and 6) Campanulidae. 
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3, but estimates remained stable across all other values of k. Mean 
age estimates for crown eudicots only varied by approximately 2 myr 
across all values of k. Mean age estimates for crown Liliales were 
stable across all clock-partitioning schemes. However, mean 
estimates for crown campanulids steadily declined by approximately 
10–15 myr as the number of loci increased. We observed the same 
broad trends in accuracy for all nodes of interest when using the 
ACLN relaxed clock, although mean age estimates were consistently 
slightly younger than in analyses with the UCLN relaxed clock. In our 
analyses with the PCSTAR schemes and with gamma calibration priors, 
mean age estimates for crown angiosperms steadily increased with 
increasing numbers of clock-subsets, but the mean estimates were 
stable for all other nodes of interest. 
4.3.2. Precision in estimates of divergence times 
We focus first on our results when using the UCLN relaxed clock, 
uniform calibration priors, and with clock-partitioning according to 
ClockstaR. We report improvements in the precision of node-age 
estimates by calculating the decrease in 95% CI width, which we 
standardised by dividing by the posterior mean. The optimal clock-
partitioning scheme was inferred to be k=1, matching the results of 
previous analyses (Chapter 3). However, increasing the number of 
clock-subsets generally led to large increases in the precision of 
node-age estimates. The impact of this is perhaps most striking in the 
inferred age of crown angiosperms. Increasing the number of clock-
subsets from k=1 to k=2 led to a reduction in statistical fit (Figure 
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4.1), but also reduced the width of the 95% CI for the inferred age of 
crown angiosperms from 77 myr to 46 myr (an improvement in 
precision of 35.4%).  
Greater clock-partitioning led to further improvement in 
precision (Figure 4.3). For example, implementing a clock-partitioning 
scheme with k=20 reduced the width of the 95% CI for the inferred 
age of crown angiosperms to only 20 myr, representing a 73.1% 
improvement in precision. However, the rate of improvement in 
precision declined rapidly for increasing numbers of clock-subsets 
(Figure 4.3).  
An improvement in precision with the number of clock-subsets 
can also be observed in the age estimates for both magnoliids and 
monocots. For example, increasing k from 1 to 20 results in 
respective increases of 76.1% and 68% in precision in the age 
estimates for crown magnoliids and crown monocots (Figure 4.3). 
When considering the nodes corresponding to the crown groups of 
campanulids and Liliales, a similar trend can be observed, albeit with 
a less drastic increase in precision. Increasing the number of clock-
subsets led to 29.7% and 37.7% increases in precision for the crown 
groups of campanulids and Liliales, respectively. However, there is a 
vastly different trend in the age estimate for crown eudicots. In this 
case, the age estimate for k=1 is already precise (95% credibility 
interval: 128–124 Ma) and increasing the number of clock-subsets 
actually led to a slight decrease in precision of 0.02%. 
Compared with the PCSTAR clock-partitioning schemes, very 
similar trends in precision were observed for both the PRATE scheme  
(Figure 4.4) and PRAND scheme (Figure 4.5). The only differences 
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were that there was less variation in mean age estimates for smaller 
values of k compared with the ClockstaR partitioning scheme, and 
standardised improvements in precision were consistently slightly 
greater (Appendix 3: Table A3.2). For example, the widths of the 
95% CIs, and the mean age estimates, declined monotonically in 
both classes of clock-partitioning schemes. 
We observed the same broad trends across all clock-
partitioning schemes when using the ACLN relaxed clock. With 
increasing numbers of clock-subsets, the uncertainty in age 
estimates rapidly decreased, with the exception of the age estimate 
for the eudicot crown node. Even with k=1, however, the precision of 
the age estimates was much greater than in the corresponding 
analysis with the UCLN relaxed clock. For example, when 
implementing the PCSTAR clock-partitioning schemes, the 95% 
credibility interval of the age estimate for crown angiosperms 
spanned 77 myr when using the UCLN relaxed clock, but only 59 
myr when using the ACLN relaxed clock. Additionally, age estimates 
for crown eudicots became less precise as the degree of clock-
partitioning increased. We observed the same trend for the other 
nodes of interest across analyses, and the apparent limit to 
uncertainty appeared to be reached much more rapidly than with the 
UCLN relaxed clock (Appendix 3: Figures A3.2–3.4).  
When using highly informative gamma calibration priors in our 
additional analyses of the PCSTAR schemes, we found that for the 
crown groups of angiosperms, monocots, and magnoliids, the 
increases in precision with greater clock-partitioning were much lower 
than with uniform calibration priors (Appendix 3: Figure A3.5 and 
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Table A3.2). For example, an improvement of only 18.5% occurred in 
the precision of the age estimate for crown angiosperms. The 
opposite trend occurred for the crown nodes of eudicots, 
campanulids and Liliales.  
When we implemented uniform calibration priors, greater 
clock-partitioning led to either no change or decreases in precision 
for age estimates of crown-group eudicots, but when using gamma 
calibration priors the precision improved by 36% with greater clock-
partitioning. For crown-group Liliales, increasing k from 1 to 20 led to 
a 64.3% increase in the precision of age estimates, the greatest 
improvement of all six key nodes. However, it is worth noting that our 
age estimates for all six nodes of interest were very precise even 
when k=1. Therefore, in terms of absolute time units, there was 
generally little improvement in precision with increasing numbers of 
clock-subsets.   
In most cases, there is a clear difference between the 
posterior and prior distributions for our six nodes of interest 
(Appendix 3: Figures A3.6–3.8). Additionally, while the shapes of the 
prior distributions are nearly identical with increasing values of k, the 
shapes of the posterior distributions closely mirror the trends 
described above based on 95% CIs, as expected. 
4.4. Discussion 
The goal of all molecular dating studies is to estimate the 
evolutionary timescale with a useful degree of precision and 
accuracy. We demonstrated that increasing the degree of clock-
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partitioning leads to increasingly precise age estimates, which has 
recently been shown in an independent study by Angelis et al. 
(2018), and is predicted by the finite-sites theory (Zhu et al. 2015). 
Additionally, clock-partitioning schemes based on patterns of among-
lineage rate heterogeneity or relative substitution rates did not have 
any measurable advantage over randomly assigning genes to clock-
subsets, at least in terms of the accuracy and precision of the 
resulting estimates of divergence times.  
The near-identical patterns of precision across all clock-
partitioning schemes stands in contrast with some previous 
suggestions that the assignment of genes to clock-subsets is more 
important than the number of clock-subsets (Duchêne and Ho 2014). 
However, through simulations it has been demonstrated that different 
partitioning schemes only tend to have large impacts on the accuracy 
of posterior divergence times when the molecular clock is seriously 
violated, when the rate prior is misspecified, or when fossil 
calibrations are in conflict or incorrect (Angelis et al. 2018). In such 
cases, it is possible for increased clock-partitioning to yield highly 
precise age estimates, but for the 95% CIs of these estimates to 
exclude the true age. This goes some way to explaining why we 
observed such consistent age estimates across nearly all partitioning 
schemes, since we carefully chose appropriate values for the rate 
prior and implemented appropriate fossil calibrations that were not in 
conflict. 
Our results demonstrate that to improve the precision of age 
estimates, one could simply increase the degree of clock-partitioning 
by assigning genes to an arbitrarily large number of clock-subsets, 
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until the marginal benefit of increasing the number of clocks is close 
to zero (Zhu et al. 2015). An obvious consequence of this is that one 
must consider whether such an increase is desirable or biologically 
meaningful. If there is evidence that a data set conforms to a single 
pattern of rate variation among lineages, an increase in precision 
from clock-partitioning is not justifiable because the clock-subsets do 
not constitute independent realisations of the process of rate 
variation (Zhu et al. 2015). Our analysis using ClockstaR indicates 
that within our data set, all genes exhibit the same pattern of rate 
heterogeneity among lineages, such that they should be analysed 
using a single clock model. In this case, increasing the degree of 
clock-partitioning leads to a model that overfits the data, does not 
appear to accurately predict the data, and is insensitive to the 
sampled data. Normally this would be expected to occur when a 
model underfits the data, but the increasing sets of “independent” 
branch-rate estimates for each clock-subset ensure that estimates of 
node times remain precise. 
The uncertainty in posterior divergence times can be divided 
into three components: 1) uncertainty in branch lengths due to limited 
sequence length (N); 2) among-lineage rate variation for each clock-
subset, as well as the evolutionary rate variation among clock-
subsets; and 3) uncertainty in fossil calibrations (Zhu et al. 2015). If 
the number of clock subsets (L) is large, then the uncertainty caused 
by limited sequence length approaches zero at the rate of 1/N. 
Additionally, the uncertainty attributable to the second component 
approaches zero at the rate of 1/L. As Nà∞ and Là∞, the 
uncertainty in divergence-time estimates should be wholly 
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attributable to uncertainty in the fossil calibrations (Zhu et al. 2015). 
For a data set of fixed size, such as our angiosperm data set, 
increasing L will reduce N, and vice versa. We found that partitioning 
the data set into increasing numbers of clock-subsets led to 
improvements in precision, which implies that increasing L has a 
larger impact on precision than decreasing N has on reducing 
precision. However, it is likely that for very small values of N, the 
estimation error in branch lengths will grow rapidly. 
An important exception to the overall trend was the age 
inferences for the crown eudicot node. The most common calibration 
strategy for this node has been to place a maximum bound or a 
highly informative prior on the age of this node, based on the 
absence of tricolpate pollen before the Barremian–Aptian boundary 
(~126 Ma) (Chapter 2; Magallón and Castillo 2009; Sauquet et al. 
2012; Massoni et al. 2015a). Additionally, many of the earliest-
diverging eudicot lineages have relatively old fossils dating to the late 
Aptian (~113 Ma). These lines of evidence provide a narrow age 
bracket for the eudicot crown, often causing age estimates for the 
eudicot crown node to be necessarily highly precise. As a result, the 
limit in uncertainty of the fossil calibrations should be reached rapidly. 
Therefore, the age of the eudicot crown node is useful to evaluate in 
light of the finite-sites theory. We found that increasing the number of 
clock-subsets had essentially no effect on the uncertainty in the age 
estimate of this node. A very similar pattern was observed when 
using tightly constrained gamma calibration priors, and we expect 
that the general trend extends to other cases in which calibrated 
nodes have strongly constrained ages, for example when lognormal 
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or exponential priors are chosen (Smith et al. 2010; Magallón et al. 
2015). 
Our results are especially important for analyses of genome-
scale data sets. The size of phylogenomic data sets generally 
precludes molecular dating with computationally intensive 
phylogenetic software, such as BEAST (Bouckaert et al. 2014) or 
MrBayes (Ronquist et al. 2012b), unless work-around methods are 
employed (Ho 2014). For example, some researchers have chosen 
to analyse each gene or data subset separately and then take the 
average of the results (Zeng et al. 2017). However, this methodology 
effectively assigns to each gene its own model of nucleotide 
substitution and its own clock model. Not only does this run the risk 
of severe overparameterisation, but it also raises the question of how 
the estimates should be combined in a way that takes full account of 
estimation error. Another method is to apply data filtering to select 
only a subset of a data set, such as those that are the most clocklike 
(Jarvis et al. 2014) or the most informative (Tong et al. 2016).  
In cases where data-filtering approaches are not feasible, less 
computationally intensive methods can be employed, such as the 
approximate-likelihood method of MCMCTREE. There are also non-
Bayesian alternatives to phylogenomic dating, such as penalised 
likelihood (Sanderson 2002), that have been used to analyse large 
data sets (Zanne et al. 2014). Additionally, a number of rapid dating 
methods that can account for among-lineage rate heterogeneity 
without an explicit statistical model of branch-rate variation have 
been developed specifically for phylogenomic data sets (Kumar and 
Hedges 2016). Although these methods appear to have accuracy 
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comparable to that of Bayesian methods, they cannot produce 
reliable estimates of the uncertainty in the inferred ages (Kumar and 
Hedges 2016). It is also unclear how well the results of these 
analyses will conform to the finite-sites theory. 
In the context of clock-partitioning, an important final 
consideration is that comparison of clock-partitioning schemes only 
provides an indication of relative fit. It does not indicate whether any 
of the partitioning schemes actually provides an adequate description 
of the process that generated the data (Duchêne et al. 2015). For 
example, even the most parameter-rich clock-partitioning scheme 
might be an inadequate description of the data. There have been 
recent developments in methods for evaluating clock-model 
adequacy, but these techniques involve thresholds that depend on 
the lengths of the sequences across the clock-subsets (Duchêne et 
al. 2015). Further refinement of methods for testing clock-model 
adequacy will be required before they can be readily applied to clock-
partitioning schemes.  
The primary aim of the present study was not to provide a 
novel estimate for the angiosperm evolutionary timescale, but it is still 
useful to consider our results in the context of previous estimates. 
Our inferred origin for crown-group angiosperms in the late Triassic 
to early Jurassic is consistent with most modern molecular dating 
estimates (Chapter 2; Bell et al. 2010; Magallón 2010; Clarke et al. 
2011; Zeng et al. 2014; Beaulieu et al. 2015). Similarly, our age 
estimate for crown magnoliids of 171–115 Ma is very similar to a 
previous estimate of 179–127 Ma based on the most comprehensive 
molecular dating analyses of Magnoliidae (Massoni et al. 2015a). 
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Our estimate of 167–120 Ma for the age of crown monocots is 
compelling, because a recent study of monocots using the fossilised-
birth-death model inferred a very similar age of 174–134 Ma (Eguchi 
and Tamura 2016). Our age estimate for crown eudicots of 128–124 
Ma suggests that there was not enough signal within the data to 
overcome the strong calibration priors placed upon this node. Finally, 
although our age estimate for the appearance of crown campanulids 
101–91 Ma is very similar to those of recent studies (Chapter 2; 
Magallón et al. 2015), our age estimate of 108–91 Ma for the time to 
the most recent common ancestor of Liliales was slightly younger 
than recent estimates. 
4.5. Conclusions 
In this study, we have demonstrated that the finite-sites theory for 
molecular dating applies to a typical genome-scale data set from 
angiosperms, with the exception of nodes that have strong age 
constraints. In contrast with previous suggestions, the choice of 
strategy for assigning genes to clocks does not appear to be 
important. These results imply that the data set can be arbitrarily 
partitioned into a large number of clock-subsets, up to the point at 
which there is little marginal benefit in increasing the degree of clock-
partitioning. However, we caution that all molecular date estimates 
should be critically interpreted to determine whether their precision is 
meaningful or not. To this end, the best approach is to identify the 
patterns of among-lineage rate heterogeneity in a data set and to 
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apply a clock-partitioning scheme that appropriately captures this 
variation.  
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Chapter 5 — Molecular Phylogenetics Provides 
New Insights into the Systematics of Pimelea 
and Thecanthes (Thymelaeaceae) 
5.1. Introduction  
Thymelaeaceae is a family of flowering plants comprising ~900 
species in ~50 genera (Z.S. Rogers, see http://www.tropicos.org/ 
Project/Thymelaeaceae). Most species are trees or shrubs, but some 
are herbaceous perennials or annuals. Resolving the position of 
Thymelaeaceae within the angiosperm phylogeny has been 
challenging. Various interpretations of morphological and 
biochemical properties have led to the family being placed within its 
own order (Thymelaeales), or within Myrtales, Euphorbiales or 
Malvales. Molecular data strongly support the monophyly of 
Thymelaeaceae and its placement within Malvales (van der Bank et 
al. 2002). Although the subfamilial classification is equivocal, the 
following four subfamilies are recognised: Aquilarioideae, 
Gonystyloideae, Synandrodaphnoideae and Thymelaeoideae. 
Thymelaeoideae, the largest of the subfamilies, has a widespread 
distribution throughout the southern hemisphere, with the majority of 
diversity being found in southern Africa and extending to Australasia 
(Rye and Heads 1990; van der Bank et al. 2002). Molecular 
phylogenetic analyses have found strong support for the monophyly 
of Thymelaeoideae (van der Bank et al. 2002; Beaumont et al. 2009; 
Motsi et al. 2010). 
In Australia, Thymelaeaceae (revised by Threlfall 1982; Rye 
1988; Rye and Heads 1990) is represented by ~108 species in six 
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genera of Thymelaeoideae, and two species in two genera of 
Gonystyloideae. Pimelea Banks & Sol. ex Gaertn. was first described 
in 1788 and, with ~90 species in seven sections, is the largest genus 
of Australian Thymelaeoideae. The genus is widespread throughout 
Australia, with species occurring in all states and territories. Pimelea 
is economically important, with some Australian species being 
cultivated for their fragrant flowers (Rye and Heads 1990), whereas 
others have been reported to poison livestock (Everist 1981; Fletcher 
et al. 2014).  
Attempts to clarify the relationships among Australian Pimelea 
using molecular phylogenetics have not been entirely successful 
(Motsi et al. 2010). The lack of phylogenetic resolution is presumed 
to be because of low nucleotide sequence variation, which is 
somewhat surprising, given that the genus has a high degree of 
morphological and ecological variation. While the Australian species 
comprise the majority of the genus, ~35 species and 18 subspecies 
of Pimelea have been described from New Zealand (Burrows 
2011b). Despite comprehensive taxonomic treatments of New 
Zealand species of Pimelea (Burrows 2008, 2009a, 2009b, 2011a, 
2011b), the phylogenetic relationships among these taxa have 
largely been untested using molecular data. 
Another notable, predominantly Australian genus within 
Thymelaeaceae is Thecanthes Wikstr., comprising five species and 
extending from the Philippines and New Ireland to northern Australia 
(Rye and Heads 1990). All five species occur within northern 
Australia, three of which are endemic to this region. The relationship 
between Pimelea and Thecanthes has long been debated (e.g., 
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Threlfall 1982, 1984; Rye 1988; Motsi et al. 2010). Thecanthes was 
originally described by Wikström in 1818, but was later reduced to a 
section of Pimelea by Bentham (1873). Subsequent authors followed 
Bentham in treating Thecanthes at the infrageneric level (Gilg 1894; 
Threlfall 1982, 1984), until Rye (1988) reinstated Thecanthes as a 
genus and simultaneously classified Pimelea into seven sections. 
The decision to reinstate Thecanthes was based on several 
morphological characteristics and life-history traits. The 
inflorescences of Pimelea vary from racemose to head-like structures 
with convex to flat, rarely concave, receptacles; the pedicels are 
terete, and usually hairy, and the number of involucral bracts varies 
greatly among species (Rye 1988). In contrast, the inflorescences of 
Thecanthes are always head-like with concave receptacles; the 
pedicels are always glabrous and dorsiventrally compressed, and 
there are always four involucral bracts (Rye 1988). Additionally, 
Thecanthes has an annual life history, and its species are always 
hermaphrodite, whereas species of Pimelea are almost exclusively 
perennial and are variously dioecious, gynodioecious or 
hermaphrodite (Burrows 1960; Rye 1988; Rye and Heads 1990). 
Both genera have a reduced androecium of two stamens, which is 
the only constant morphological character separating Pimelea sens. 
lat. (Pimelea + Thecanthes) from other genera within the tribe 
Gnidieae (Heads 1994). Previous authors have referred to Pimelea 
sens. lat. as the subtribe Pimeleinae (e.g., Beaumont et al. 2009; 
Motsi et al. 2010). Therefore, despite this not being a formally 
accepted taxonomic category, we follow this terminology for 
convenience. 
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The first investigation of the phylogenetic relationships among 
Pimelea and Thecanthes using molecular data, as part of a larger 
study, provided strong support for the monophyly of the Pimeleinae, 
but suggested that Thecanthes could be included within a more 
broadly circumscribed Pimelea (Beaumont et al. 2009). However, the 
authors also established that Gnidia L., the largest genus of 
Thymelaeaceae, is polyphyletic. Further complicating the taxonomy 
of Thymelaeoideae was the finding that many of the larger genera 
within the subfamily, including Passerina L., Lachnaea L., Struthiola 
L. and Pimelea + Thecanthes, were nested within four distinct 
lineages of Gnidia. Motsi et al. (2010) built on the data sets of van der 
Bank et al. (2002) and Beaumont et al. (2009) by increasing taxon 
sampling within Pimelea. They also found strong support for 
Pimeleinae, and that Thecanthes appears to be nested within 
Pimelea, having a sister relationship with P. haematostachya 
F.Muell. and P. decora Domin. These authors stopped short of 
formally synonymising Thecanthes with Pimelea, suggesting instead 
a need for stronger bootstrap support for the resolution of 
Thecanthes within Pimelea. Adding to the reluctance of these 
authors to take this nomenclatural action was the possibility of 
Pimeleinae being reduced to a subgeneric rank within Gnidia, which 
has been suggested previously as one solution to the polyphyletic 
circumscription of Gnidia (Beaumont et al. 2009). 
Despite the lack of resolution within Pimeleinae, the findings 
of Beaumont et al. (2009) and Motsi et al. (2010) suggested some 
possible biogeographic scenarios. Pimeleinae were inferred to be 
monophyletic, with Thecanthes nested within Pimelea, and the sister 
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taxa of Pimelea were inferred to be Gnidia phaeotricha Gilg and G. 
squarrosa (L.) Druce. Both of these species of Gnidia are endemic to 
southern Africa, whereas Pimeleinae are restricted to Australasia. 
This suggests that there was a single origin of Pimeleinae within 
Australasia, possibly from Africa, followed by radiation into the 
diversity of species known today. Additionally, Motsi et al. (2010) 
found that their sample of four New Zealand species formed a sister 
clade to P. alpina F.Muell. ex Meisn., which is restricted to the alpine 
and subalpine regions of the Snowy Mountains in New South Wales 
and eastern highland region of Victoria (Rye and Heads 1990). The 
nested position of the New Zealand clade within the Pimelea 
phylogeny is consistent with a single colonisation of New Zealand, 
possibly from Australia, but the authors acknowledged that any 
biogeographic trends could change with broader taxon sampling 
(Motsi et al. 2010). 
Obtaining an accurate understanding of the biogeographic 
and evolutionary history of Pimeleinae is important for conservation 
agencies, bioprospecting and ecological studies, particularly given 
the threatened nature of many species of Pimelea. For example, 
under the Environment Protection and Biodiversity Conservation Act 
1999, two subspecies of Pimelea spinescens Rye are listed as 
Critically endangered, P. spicata R.Br. and P. venosa Threlfall are 
listed as Endangered, and P. curviflora R.Br. var. curviflora, P. 
leptospermoides F.Muell. and P. pagophila Rye are listed as 
Vulnerable. Additionally, as of 2014, the Department of Environment, 
Land, Water and Planning (DELWP) in Victoria lists 16 Pimelea taxa 
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as being rare or threatened. The placement of many of these species 
within the phylogeny of Pimeleinae is yet to be evaluated. 
In the present study, we perform maximum-likelihood and 
Bayesian phylogenetic analyses to estimate the relationships 
between and within Pimelea and Thecanthes, as well as the 
relationships between these genera and other lineages in 
Thymelaeaceae. In particular, we aim to improve the resolution of the 
relationships within Pimelea, which have traditionally been 
unsupported, while determining whether Thecanthes should remain 
as a segregate genus. Our phylogenetic analyses are based on one 
nuclear ribosomal and four plastid markers. We build on the data set 
of Motsi et al. (2010) by extending the sampling of Pimelea from 45 
taxa to 81 taxa, including 29 taxa from New Zealand. By doing so, 
our data set currently represents the most complete sampling of 
Pimelea. 
5.2. Materials and methods 
5.2.1. Taxon sampling 
Thymelaeaceae has been the focus of several molecular 
phylogenetic studies in recent years (van der Bank et al. 2002; 
Beaumont et al. 2009; Motsi et al. 2010), resulting in a large amount 
of sequence data on GenBank. The first attempt to clarify the generic 
relationships within the family analysed two markers, namely, rbcL, 
because of the large number of sequences available for this marker 
on GenBank, and the trnL–F region (trnT–trnL intergenic spacer + 
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tRNA-Leu + trnL–F intergenic spacer; van der Bank et al. 2002). 
Beaumont et al. (2009) increased the Thymelaeaceae taxon 
sampling for rbcL and trnL–F, and added sequence data for the 
internal transcribed spacer of nuclear rDNA (ITS). Motsi et al. (2010) 
then built on these data sets by increasing taxon sampling for rbcL, 
trnL–F and ITS, and adding sequence data for the rps16 intron and 
matK. Despite these additional data, the species relationships within 
Pimelea remained largely unresolved, with many internal nodes 
remaining unsupported. We aimed to improve the resolution of these 
relationships by maximising taxon sampling. 
We chose to focus on the same five markers as used in these 
previous studies because the combination of coding and non- coding 
markers from both the plastid and nuclear genomes should provide 
enough signal to clarify relationships at both the genus and species 
levels. Thus, we downloaded from GenBank all available sequences 
from Thymelaeaceae for ITS, matK, rbcL, rps16 and trnL–F, and 
generated new sequences for additional taxa of Pimelea. After 
removing some taxa that did not meet our minimum selection criteria 
(see ‘Phylogenetic analysis’ section below), our data set comprised 
224 taxa from 19 genera of Thymelaeoideae, two taxa from two 
genera of Aquilariodeae, and four taxa from four genera of 
Gonystyloideae, for a total of 230 taxa (Appendix 4: Table A4.1). We 
wanted to obtain replicates for taxa of interest, so there was some 
overlap between the data from GenBank and the taxa that we chose 
to sequence. We used the six taxa of Aquilarioideae and 
Gonystyloideae as the outgroup. Including such a broad range of 
taxa allowed us to examine the relationships among Pimelea and 
 119 
 
Thecanthes, while also inferring the placement of these genera in the 
broader context of the subfamily. This is important in view of the 
extensive polyphyly of Gnidia (Beaumont et al. 2009; Motsi et al. 
2010), which still requires taxonomic treatment. 
5.2.2. Molecular methods 
Samples were collected from both fresh (silica-dried) plant material 
and herbarium specimens lodged within the past 40 years at the 
National Herbarium of Victoria (Royal Botanic Gardens, Victoria) and 
the Allan Herbarium (Lincoln, New Zealand) (Appendix 4: Table 
A4.1). Fifty-one taxa of Pimelea from Australia and New Zealand 
were sampled for five molecular markers, including nuclear ITS, and 
chloroplast matK, rbcL, rps16 and the trnL–F region. Our sequences 
for the trnL–F region contained the trnT–trnL intergenic spacer and 
trnL gene, but did not contain the same trnL–F intron partial 
sequence that was present in sequences derived from GenBank. 
Nevertheless, for consistency, we refer to this gene as trnL–F within 
this paper. DNA was isolated from all collections using the QIAGEN 
DNeasy Plant Mini Kit (QIAGEN, Melbourne, Vic., Australia) following 
the manufacturer’s protocol. Variations on the method prescribed 
include the addition of 3 µL of RNAse at Step 7 (rather than the 
specified 4 µL) and final elution from the spin column membrane with 
two 80-µL additions of elution buffer (to a final volume of 160 µL). 
The target regions were amplified using the polymerase chain 
reaction (PCR) and the primers used by Motsi et al. (2010) (Table 
5.1). PCR was carried out in 25 µL reactions comprising 0.5 µL of 
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QIAGEN Hotstar Taq DNA polymerase (5 U µL–1), 2.5 µL of supplied 
buffer, 2.0 µL of dNTPs (10 mM), 1 µL of each primer (10 mM) and 
2.5 µL of DNA sample. Additionally, when amplifying ITS, 0.8 µL of 
bovine serum albumen (10 mg mL–1) and 1.125 µL of dimethyl 
sulfate was added per 25 µL reaction to reduce enzymatic effects, 
following Motsi et al. (2010). Conditions for all reactions (both nuclear 
and chloroplast) were as follows: 95°C 15 min (single cycle); 94°C 30 
s, 52°C 1 min, 72°C 2 min (for 35 cycles); and 72°C 10 min (single 
cycle). 
Purification of PCR product and sequencing reactions were 
performed by Macrogen (Seoul, South Korea). Raw sequence pairs 
for each species were aligned using the data-handling and analysis 
program Geneious ver. 5.3 (Kearse et al. 2012). Consensus 
sequences were then generated for each specimen using the 
‘Geneious alignment’ pairwise distance matrix with a gap-open 
penalty of 12 and gap-extension penalty of three. 
5.2.3. Phylogenetic analysis 
We used Bayesian and maximum-likelihood phylogenetic methods to 
analyse our data, because these have several desirable statistical 
properties (Yang and Rannala 2012). Our main data set comprised a 
concatenation of all five markers, but we also chose to analyse a 
reduced data set of only the plastid markers, as well as each marker 
separately. This allowed us to examine the relative signal provided by 
each marker, and to observe any differences between the 
relationships inferred by analysis of markers from the nuclear and  
chloroplast genomes.
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Table 5.1. Primers used for polymerase chain reaction (PCR) amplification 
of DNA from five markers 
 
Region Primer pair(s) 
ITS 17SE/26SE (Sun et al. 1994) 
matK 
Kim3F/Kim1R (portion of exon) (described in Motsi et al. 
2010) 
rbcL 
1F/724 and 636/1R (amplified in two overlapping pieces) 
(van der Bank et al. 2002) 
rps16 rpsF/rpsR2 (Oxelman et al. 1997) 
trnL–F chlC/chlD (Taberlet et al. 1991; van der Bank et al. 2002) 
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  We aligned the sequences of all markers initially by using 
MUSCLE ver. 3.5 (Edgar 2004), followed by manual adjustments. 
Not all markers were available for all taxa, so we removed taxa that 
did not have data available for ITS and two or more plastid markers, 
because the effect of missing data on phylogenetic inference can be 
unpredictable (Lemmon et al. 2009; Filipski et al. 2014). We allowed 
several exceptions to our selection criteria (Arnhemia cryptantha Airy 
Shaw, Gnidia pilosa, Gonystylus macrophyllus (Miq.) Airy Shaw, 
Lachnaea macrantha Meisn., Lethedon cernua (Baill.) Kosterm., 
Pimelea suteri Kirk, and Solmsia calophylla Baill.) to retain our 
outgroup taxa and other taxa of interest. So as to reduce the effect of 
alignment ambiguities, we filtered the data to remove any site at 
which a gap was present in ≥80% of the taxa. After concatenating the 
sequences of the five markers, the data set contained a total of 4544 
sites (Appendix 4: File A4.1). 
Partitioning the data set is an important step in phylogenetic 
analyses, because this process is known to affect the accuracy of 
phylogenetic inference (Lanfear et al. 2012). Accordingly, we 
selected the best-fitting partitioning scheme by using the greedy 
search algorithm in PartitionFinder ver. 1.1.1 (Lanfear et al. 2012). 
The optimal partitioning scheme split the sequence alignment into six 
subsets (Table 5.2). 
We first analysed all five markers in a concatenated data set. 
We inferred the phylogeny in a Bayesian framework by using 
MrBayes ver. 3.2.2 (Ronquist et al. 2012b), implementing a uniform 
prior on the tree topology and an exponential prior on branch lengths. 
Posterior distributions of parameters, including the tree, were  
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Table 5.2. The optimal partitioning scheme for our five-marker data set, as 
determined using a greedy search in PartitionFinder 
 
  
Subset Marker Substitution model 
1 ITS SYM + Γ 
2 matK 1st codon position, matK 
2nd codon position, rps16 
GTR + Γ 
3 matK 3rd codon position, trnL–F GTR + Γ 
4 rbcL 1st codon position  GTR + Γ 
5 rbcL 2nd codon position  SYM + Γ 
6 rbcL 3rd codon position  GTR + Γ 
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estimated by Markov chain Monte Carlo sampling. We ran two 
independent analyses with four Markov chains each for 40 000 000 
steps, sampling every 4000 steps, then removed the first 25% of 
samples as burnin. We then checked for convergence in the 
estimates of model parameters by using Tracer ver. 1.6 (A. Rambaut, 
M. A. Suchard, D. Xie and A. J. Drummond, see 
http://beast.bio.ed.ac.uk/Tracer). The effective sample sizes of all 
parameters were above 200, indicating adequate sampling to provide 
a reliable estimate of the posterior distribution. To check that the 
chains were sampling from the stationary distribution of tree 
topologies, we inspected the average standard deviation of split 
frequencies in MrBayes. 
In addition to the Bayesian analysis, we inferred the 
phylogeny using maximum likelihood in RAxML ver. 8.0 (Stamatakis 
2014). We implemented the rapid bootstrapping algorithm with 1000 
bootstrap pseudoreplicates to infer topological support, which results 
in 200 fast maximum- likelihood searches followed by a final, 
thorough search (Stamatakis et al. 2008). We used the optimal 
partitioning scheme from PartitionFinder; however, because of the  
limited nucleotide substitution models available, we implemented the 
GTR+Γ model of nucleotide substitution for each data subset. 
In both Bayesian and maximum-likelihood analyses, each 
node support value refers to a precise hypothesis of the monophyly 
of a group of potentially many members. As a result, the support 
values can be sensitive to one or a few taxa whose position within a 
group is unstable (Sanderson and Shaffer 2002). These taxa that are 
placed in varying and contradictory positions within a tree are termed 
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‘rogue’ taxa (Wilkinson 1996), and their instability is thought to be 
caused by missing data, an elevated substitution rate causing 
homoplasy, or extremely low rates inside and outside the clade of 
interest (Sanderson and Shaffer 2002). The negative effect of rogue 
taxa on support values is well documented, particularly in the case of 
majority-rule consensus trees (Trautwein et al. 2011). Therefore, we 
tested for the presence of rogue taxa by analysing the 1000 
bootstrap replicates from our maximum-likelihood analysis by using 
RogueNaRok ver. 1.0 (Aberer et al. 2013). Rather than re-analyse a 
data set without rogue taxa included, it is best to prune them from the 
sets of trees resulting from the original analyses. This allows the 
rogue taxa to inform the estimates of the topology, without having a 
negative effect on support values or resolution (Cranston and 
Rannala 2007). We removed the putative rogue taxa from the best-
scoring tree from RAxML and the corresponding bootstrap replicate 
trees, and then calculated the support for the newly pruned tree. We 
also removed the putative rogue taxa from the set of sampled trees 
from our Bayesian analysis, and then produced a new consensus 
tree. 
We repeated the Bayesian and maximum-likelihood 
phylogenetic analyses using a reduced data set comprising only the 
four plastid markers with the same partitioning scheme (without ITS), 
and then for all five markers separately. When analysing the 
individual markers using MrBayes, we used the same approach as 
for the full data set, except for reducing the analysis to consist of two 
chains, each for 20 000 000 steps, sampling every 2000 steps. 
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5.3. Results 
5.3.1. Nuclear and plastid concatenated data set 
Phylogenetic analysis of our five-gene concatenated data set using 
both Bayesian and maximum-likelihood methods produced very 
similar results, with strong support for the monophyly of 
Thymelaeoideae (p.p. = 1, b.s. = 100%; Figures 5.1 and 5.2, 
Appendix 4: Figures A4.1–A4.2). Consistent with the findings of 
Beaumont et al. (2009) and Motsi et al. (2010), Pimeleinae were 
resolved as monophyletic with strong support (p.p. = 1, b.s. = 100%), 
and Pimelea was resolved as paraphyletic with respect to 
Thecanthes, with a strongly supported sister relationship inferred 
between Thecanthes and a clade comprising P. decora and P. 
haematostachya (p.p. = 1, b.s. = 86%). The branches leading to 
Thecanthes and to P. decora + P. haematostachya were relatively 
long compared to the majority of branches within the trees, so we ran 
additional analyses to determine whether the sister relationship 
between these groups was the product of long-branch attraction. We 
first re-analysed the five-gene data set after removing all Thecanthes 
taxa. Under this scenario, we found that the position of P. decora + 
P. haematostachya within the phylogeny did not change (Appendix 4: 
Figures A4.3–A4.4). We then re-analysed the data set after instead 
removing P. decora + P. haematostachya, but this did not cause any 
change in the phylogenetic placement of Thecanthes (Appendix 4: 
Figures A4.5–A4.6). 
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Figure 5.1. Majority-rule consensus tree from our analysis of 230 taxa within 
Thymelaeaceae, as inferred through Bayesian analysis of a five-gene (nuclear + 
plastid) dataset using MrBayes. The scale bar represents substitutions per site. 
Taxon names ending with an asterisk are those that were newly sequenced for 
the present study, and named clades correspond to those discussed in the text. 
The tree is truncated to focus on the relationships between Pimeleinae and 
several closely related species of Gnidia. Black circles indicate nodes with a 
posterior probability (p.p.) of 1, grey circles indicate nodes with a p.p. of ≥0.9–
0.99, and white circles indicate nodes with a p.p. of ≥0.8–0.89. Nodes without 
circles have a p.p. of <0.8. 
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Figure 5.2. Phylogram from our analysis of 230 taxa within Thymelaeaceae, 
as inferred through maximum-likelihood analysis of a five-gene (nuclear + 
plastid) dataset using RAxML. The scale bar represents substitutions per site. 
Taxon names ending with an asterisk are those that were newly sequenced 
for the present study, and named clades correspond to those discussed in 
the text. The tree is truncated to focus on the relationships between 
Pimeleinae and several closely related species of Gnidia. Black circles 
indicate nodes with bootstrap support (b.s.) of ≥95%, grey circles indicate 
nodes with b.s. of ≥80–94%, and white circles indicate nodes with b.s. of 
≥50–79%. Nodes without circles have b.s. of <50%. 
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Despite the increase in sampling of Pimelea, species 
relationships within the genus remained largely unresolved, with 
many branches having very low or zero support. Although the overall 
lack of resolution within Pimelea precludes many strong conclusions, 
some trends were apparent, such as all New Zealand taxa falling into 
one clade. There was very little sequence variation, indicated by very 
short branches, among most of the Pimelea taxa from New Zealand, 
especially within the P. prostrata (J.R.Forst. et G.Forst.) Willd. 
complex. Unusually, P. longiflora subsp. eyrei (F.Muell.) Rye and P. 
sylvestris R.Br. were nested within this otherwise New Zealand 
clade, despite both being endemic to Western Australia. 
Within the broader subfamily, Dais L., Daphnopsis Mart., 
Diarthron Turcz., Dirca L., Drapetes Banks ex Lam., Edgeworthia 
Meisn., Kelleria Endl., Lachnaea, Passerina, Peddiea Harv. ex 
Hook., Stellera L., Stephanodaphne Baill., Struthiola and Thymelaea 
Mill. were each inferred to be monophyletic, with strong support (p.p. 
= 1, b.s. ≥95%). Wikstroemia Endl. was found to be paraphyletic with 
respect to Daphne gemmata E.Pritz. ex Diels, which, in turn, 
rendered Daphne L. polyphyletic. This agrees with previous 
observations of a high degree of morphological similarity between 
Wikstroemia and Daphne, with the need for taxonomic revision (Ding 
Hou 1960). However, it is worth noting that, in our data set, the taxon 
sampling for many of these genera was low; increasing the taxon 
sampling might lead to differences in the inferred relationships 
among these genera. The resolution of the relationships among the 
various genera of Thymelaeoideae was also markedly improved from 
that in previous studies, with support for most backbone nodes and 
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other internal branches separating the genera receiving strong 
support in the Bayesian analysis (p.p. ≥0.95) and moderate to strong 
support in the maximum-likelihood analysis (b.s. = ~50–100%). 
Importantly, Gnidia was resolved, once again, as polyphyletic, with 
each of the component lineages being strongly supported (p.p. = 1, 
b.s. = 100%), similar to previous findings (Beaumont et al. 2009; 
Motsi et al. 2010). 
Our analysis using RogueNaRok identified 23 putative rogue 
taxa that could be contributing to the poor support for many clades 
within Pimeleinae. However, the cumulative effect of removing all 23 
taxa results only in an improvement of the relative bipartition 
information criterion (RBIC) optimality, the measure of improvement 
given by RogueNaRok, from 0.593 to 0.616 (Appendix 4: Table 
A4.2). Nevertheless, we removed all identified rogue taxa to observe 
the effect on support values within both our Bayesian and maximum-
likelihood trees (Appendix 4: Figures A4.7–A4.8). The largest 
increase in statistical support occurred within Lachnaea after the 
removal of L. oliverorum Beyers., with support for some nodes 
increasing by as much as 43% b.s. (from 51 to 94%) and 0.36 p.p. 
(from 0.64 to 1.00). Within Pimeleinae, the largest increase in support 
in the maximum-likelihood tree was for the node uniting the 
subspecies of P. ligustrina and P. axiflora (b.s. from 49 to 82%), 
followed by the node representing the common ancestor of the New 
Zealand taxa (b.s. from 56 to 76%). Nodes that previously had 
posterior probabilities of 0.50 in our Bayesian majority- rule 
consensus tree received a slight increase in support after removing 
the rogue taxa; therefore, there were some changes in tree topology. 
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However, these changes mostly did not have strong statistical 
support. Additionally, most nodes received only a very small increase 
in statistical support, if any change occurred, even after all rogue taxa 
were removed. 
5.3.2. Plastid data set 
Phylogenetic analysis of the plastid-only data set produced results 
similar to the analysis of the five-gene data set, with Thymelaeoideae 
again inferred to be monophyletic with strong support (p.p. = 1, b.s. = 
100%; Appendix 4: Figures A4.9–A4.10). Pimeleinae was strongly 
supported as monophyletic (p.p. = 1, b.s. = 99%), and Thecanthes 
was still nested within Pimelea. However, there was no longer a 
strongly supported sister relationship between Thecanthes and P. 
haematostachya + P. decora. Instead, Thecanthes was resolved 
within a clade comprising P. holroydii F.Muell., P. ammocharis 
F.Muell., P. haematostachya, P. decora, P. strigosa Gand., P. 
sericostachya F.Muell. subsp. sericostachya and P. latifolia subsp. 
elliptifolia Threlfall with weak support (p.p. = 0.84, b.s. = 33%). 
Pimelea longiflora subsp. eyrei, P. sylvestris and the taxa from New 
Zealand formed a clade again, but, unlike in the five-gene analyses, 
additional non-New Zealand taxa were also placed within this group. 
These included P. stricta Meisn., P. physodes Hook., P. venosa 
Threlfall and P. imbricata var. piligera (Benth.) Diels. The last two 
taxa were previously not resolved as being closely related, and, in 
these analyses of the combined plastid data set, the branch leading 
to them, and the branch for P. venosa, were noticeably long. This 
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different relationship might be a result of the plastid data for P. 
venosa being poor. The sequence for rbcL has a large proportion of 
missing data, as well as many apparent substitutions relative to the 
rest of Pimelea. Additionally, the trnL sequence for P. venosa has 
very low variation compared with the other Pimelea spp., and there 
are no data for matK or rps16. It cannot be ruled out that the change 
in position of P. venosa and P. imbricata var. piligera might instead 
be due to long- branch attraction rather than a different signal in the 
chloroplast genome. However, likelihood-based methods generally 
perform well in the presence of long branches (i.e. are not particularly 
sensitive to long-branch attraction) when an appropriate, well fitting 
evolutionary model is used (Huelsenbeck 1995; Ho and Jermiin 
2004; Bergsten 2005). As in the analysis of all five genes, the 
branches among the New Zealand taxa were inferred to be very 
short. The same relationships were estimated among Dais, 
Daphnopsis, Diarthron, Dirca, Drapetes, Edgeworthia, Kelleria, 
Lachnaea, Passerina, Peddiea, Stellera, Stephanodaphne, Struthiola 
and Thymelaea, with each of these genera again being found to be 
monophyletic with strong support (p.p. = 1, b.s. ≥95%), although the 
support for some internal nodes decreased. Gnidia was again 
inferred to be polyphyletic, with each Gnidia lineage receiving strong 
support (p.p. = 1, b.s. 100%). 
5.3.3. Single-gene analyses 
Separate analyses of the five genes included in the study 
demonstrated the relative utility of each gene in resolving the 
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relationships within Thymelaeoideae. The topology inferred in the 
analysis of ITS was very similar to those inferred from the five-gene 
and plastid data sets, but with generally weaker support (Appendix 4: 
Figures A4.11–A4.12). However, a key difference was that Gnidia 
aberrans C.H.Wright, G. wikstroemiana Meisn. and G. setosa Wikstr. 
were nested within Pimeleinae, rather than as sister lineages. 
Thecanthes was again inferred to be nested within Pimelea and the 
sister group to P. haematostachya + P. decora (p.p. = 0.86, b.s. = 
49%). Analysis of matK also yielded a topology that is largely 
congruent with that inferred in our five-gene analysis (Appendix 4: 
Figures A4.13–A4.14). Pimeleinae were strongly supported (p.p. = 1, 
b.s. = 96%), but the relationships within this group were generally 
unresolved. Thecanthes was recovered as the sister lineage to P. 
ammocharis, but this relationship was only weakly supported (p.p. = 
0.82, b.s. = 38%). The results from analysis of trnL–F support the 
monophyly of Pimeleinae (p.p. = 1, b.s. = 93%), but resolution within 
the subtribe is poor (Appendix 4: Figures A4.15–A4.16). Although 
many of the relationships in the trees inferred in analyses of rbcL and 
rps16 are congruent with those inferred in our analysis of the other 
data sets, the very low support and resolution, and low sequence 
variation, preclude any meaningful interpretation (Appendix 4: 
Figures A4.17–A4.20). 
5.4. Discussion 
Molecular phylogenetic studies of Thymelaeaceae in recent years 
have each found strong support for the monophyly of the subfamily 
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Thymelaeoideae (van der Bank et al. 2002; Beaumont et al. 2009; 
Motsi et al. 2010), an outcome that was strengthened by the results 
of the present study. After finding evidence for the complicated 
nature of the relationships within Thymelaeoideae, van der Bank et 
al. (2002) suggested increasing sampling within the subfamily to help 
better delimit the generic relationships. Beaumont et al. (2009) 
followed this approach by increasing sampling of both genes and 
taxa to further clarify the extent of polyphyly within Gnidia, and this 
data set was extended by Motsi et al. (2010) by increasing taxon 
sampling within Pimeleinae. Most genera within Thymelaeoideae 
were found to be monophyletic in these studies, but the relationships 
among them were mostly unclear or unsupported. On the basis of 
our analyses of a five-gene data set, we present a moderately to 
strongly supported improvement in understanding of the relationships 
among the genera of Thymelaeoideae that were included in our 
broad taxon sample. This will prove important in guiding the 
taxonomic decisions necessary to redefine Gnidia as a monophyletic 
group. However, our finding of a polyphyletic Gnidia is congruent with 
the results of these previous studies, and will require extensive 
attention to resolve. 
Support varied between analyses; however, in all cases, we 
found support for the monophyly of Pimeleinae. Although our 
analysis using RogueNaRok identified 23 putative rogue taxa, 
removing all 23 taxa had very little effect on the support for 
relationships within Pimeleinae. Some previously unsupported or 
poorly supported nodes received a small increase in support; 
however, the backbone of Pimeleinae remained poorly supported. 
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Here, we focus on the results from analyses of our five-gene 
concatenated data set with all taxa included to discuss the 
relationships within Pimeleinae. Despite including many more 
species of Pimelea than in previous studies, the resolution of the 
Pimeleinae backbone remains poor. In the maximum- likelihood tree, 
there is no bootstrap support for most of these backbone branches. 
The same lack of support can be observed in our tree inferred by 
Bayesian analysis, with nearly all backbone branches having a 
posterior probability of less than 0.5. Another potential cause of the 
low support values is the presence of only a small number of 
informative sites within the data set that are influencing the 
maximum-likelihood estimate of the phylogeny and are being missed 
during bootstrap resampling. Low signal in the data could also 
explain the lack of support inferred in our Bayesian analysis. 
Although there was little to no support for the phylogenetic 
backbone of Pimeleinae, many internal clades were found, with 
support varying from moderate to strong. All New Zealand taxa were 
inferred to form a clade with strong support in the Bayesian analysis 
(p.p. = 1), but with moderate support in our maximum- likelihood 
analysis (b.s. = 56%). Three main clades were resolved within the 
broader New Zealand clade. The first consisted of P. gnidia and P. 
longifolia; the second consisted of a putative undescribed species 
(‘Pimelea cf. oreophila Norton 36852’), P. pseudolyallii Allan, P. 
buxifolia Hook.f., P. longiflora subsp. eyrei and P. sylvestris; and the 
third consisted of all other New Zealand species that were sampled, 
corresponding largely to those recently described by Burrows (2008, 
2009a, 2009b, 2011a, 2011b). The nested position of P. longiflora 
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subsp. eyrei and P. sylvestris within the second clade is somewhat 
strange because the two species are restricted to Western Australia. 
This suggests a complicated biogeographic history for Pimelea that 
should be explored further when a more strongly resolved tree is 
obtained. Many of the branches within the third clade are extremely 
short and support for many relationships is very low, indicating 
relatively little sequence variation. For example, the sequences for all 
markers for Pimelea orthia C.J.Burrows & Thorsen subsp. orthia and 
Pimelea prostrata subsp. prostrata are identical. Many of these 
species were described on the basis of distinct morphological 
characteristics; however, the molecular data indicated that there may 
be fewer, morphologically variable species than was proposed by 
Burrows (2008, 2009a, 2009b, 2011a, 2011b). Additionally, Burrows 
sampled several populations that exhibited morphological 
characteristics that were intermediate between the species he 
described, and proposed that these may represent hybrids. An 
example is ‘Pimelea sp. Burrows 38838’, an accession that Burrows 
(2011a) considered to be a hybrid between P. pseudolyallii and P. 
oreophila C.J.Burrows. While these three taxa resolved within our NZ 
clade, they were not especially closely related. Therefore, although 
the lack of resolution within this group hinders any firm conclusions, 
the resulting phylogenetic trees did not appear to provide any 
evidence for the proposed hybrid nature of this taxon. 
Throughout the rest of Pimeleinae, we found many smaller, 
moderately to strongly supported clades; however, the sectional 
classification proposed by Rye (1988) was not upheld. Each of the 
sections was inferred to be polyphyletic, as found by Motsi et al. 
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(2010). We inferred the presence of a large clade that comprised 
only western Australian taxa (p.p. = 0.84, b.s.= 23%). The 
relationships within this clade were strongly supported in the 
Bayesian analysis, but only moderately supported in the maximum-
likelihood analysis. Likewise, we found several clades comprising 
predominantly eastern Australian taxa, as well as a clade comprising 
taxa found only in Tasmania, whereas the Australian alpine species 
did not group together. There were also suggestions of a northern 
Australian grade that might reflect Asian interchange. Although there 
were suggestions of biogeographic trends, the low resolution and 
support for many branches prevented firm conclusions. It is also 
worth noting that P. trichostachya Lindl. and P. simplex F.Muell. 
subsp. simplex, two of the three species of Pimelea known to cause 
livestock poisoning (Fletcher et al. 2014), were resolved as sister 
taxa. This suggests a possible single origin of toxic Pimelea spp., 
which may aid in future attempts to understand and characterise the 
nature of livestock poisoning. However, further investigation is 
necessary, especially because other species have been proposed to 
be potentially toxic. 
At the species level, there were several important findings. We 
found that P. sylvestris and P. calcicola Rye are somewhat distantly 
related on the basis of molecular data. This is surprising, because 
these species are morphologically highly similar, and were once 
considered to be conspecific (Rye 1984). However, it is now 
appropriate to consider that the similar morphological characteristics 
of P. sylvestris and P. calcicola might be a result of convergent 
evolution. This process has been hypothesised to have led to the 
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high degree of morphological similarity throughout Thymelaeoideae 
(Beaumont et al. 2009), and hinders efforts to identify clear 
synapomorphies. Pimelea curviflora is known to be a morphologically 
variable species much in need of further study (Rye and Heads 
1990). Six varieties are currently accepted; we included four P. 
curviflora accessions, representing at least three of the recognised 
varieties, with one accession not being identified to this level. Our 
results indicated that P. curviflora var. divergens Threlfall might best 
be described as a distinct species, given its position as the sister 
lineage to P. micrantha F.Muell. ex Meisn.; however, stronger 
support and resolution is needed before this action can be taken 
formally. 
Our results also indicated that the infraspecific circumscription 
of some Pimelea taxa is generally well founded, although in some 
cases might need revision. The most obvious example of this is P. 
longiflora R.Br. We inferred P. longiflora R.Br. subsp. longiflora to be 
nested within a clade of western Australian taxa with strong support, 
whereas P. longiflora subsp. eyrei, the other recognised subspecies, 
was nested deep within a clade of New Zealand taxa (with the 
exception of the western Australian P. sylvestris), also with strong 
support. The disjunct position of the two subspecies within the 
phylogeny differed between data sets, as did the statistical support 
for their inferred positions. However, the two subspecies of P. 
longiflora were never inferred as sister taxa. This lends strong 
support to reinstating P. longiflora subsp. eyrei at the species level as 
P. eyrei F.Muell. 
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The complicated taxonomic history of Pimelea and 
Thecanthes is indicative of the close relationship between the two 
genera, as is the strong support we find for Pimeleinae across most 
of our analyses. After a comprehensive treatment of Pimelea based 
on morphological data, Rye (1988) concluded that the annual life 
history and specialised inflorescence of Thecanthes were enough to 
justify resurrecting it as a genus. However, recent attempts to clarify 
the relationships between these genera by using molecular 
phylogenetics have indicated that Thecanthes is nested within 
Pimelea, with varying levels of support (Beaumont et al. 2009; Motsi 
et al. 2010). Our results supported these findings, with analyses of 
our five-gene data set indicating strong support for Thecanthes being 
nested within Pimelea (p.p. = 1, b.s. = 86%). This finding was 
consistent across all other analyses, albeit with decreased statistical 
support. 
The exact placement of Thecanthes within Pimelea was 
variable across analyses, and requires additional work. However, the 
best estimate from the present study is that Thecanthes is the sister 
group to a clade comprising at least P. decora and P. 
haematostachya. Motsi et al. (2010) acknowledged that there is good 
molecular evidence for synonymising Thecanthes with Pimelea, but 
were hesitant to make the taxonomic changes unless there was 
strong bootstrap support for Thecanthes. We have achieved an 
appropriate level of support for the sister relationship between 
Thecanthes and P. decora + P. haematostachya. Additionally, 
removing the Thecanthes sequences from the data set did not 
change the inferred position of P. decora + P. haematostachya within 
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the phylogeny. Likewise, removing the sequences for P. decora + P. 
haematostachya from the data set did not change the inferred 
position of Thecanthes within the phylogeny. Therefore, despite the 
branches leading to P. decora + P. haematostachya and Thecanthes 
being long, we can be confident that long-branch attraction is not 
causing these two groups to be inferred as sister lineages. 
It is also important to consider any morphological similarities 
between Thecanthes and P. decora + P. haematostachya. Several of 
the synapomorphies for Thecanthes identified by Rye (1988) are 
shared with these two species. Both groups are hermaphroditic with 
a herbaceous habit, and both possess sessile involucral bracts, 
although the number and persistence of bracts differs (Thecanthes: 
4, persistent; P. decora: 5–8, deciduous; P. haematostachya: 7–12, 
deciduous; Rye and Heads 1990). However, the life-history strategy 
and inflorescence structures differ between the groups. Thecanthes 
has an annual life-history strategy, with head-like inflorescences and 
glabrous, dorsiventrally compressed pedicels, whereas species of 
the P. decora + P. haematostachya group are perennials, with 
terminal racemose inflorescences and hairy, terete pedicels (Rye and 
Heads 1990). Some morphological characters suggested to be 
distinctive to Thecanthes are also seen elsewhere in other species of 
Pimelea, although the whole suite of characters is not found outside 
Thecanthes. For example, similar to Thecanthes, P. gilgiana E.Pritz. 
possesses head-like inflorescences with concave receptacles 
(female flowers) and glabrous pedicels (male flowers), although this 
species differs in several key characteristics (e.g., dioecious with 
shrub habit; Rye and Heads 1990). Overall, taking our results and 
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those of previous studies into account, we believe that the most 
appropriate action is to reduce Thecanthes to synonymy with 
Pimelea. This would suggest that the synapomorphies for 
Thecanthes should instead be treated as variation within Pimelea, an 
approach that seems reasonable considering the extensive 
morphological variation of the genus. 
Unfortunately, for the reduction of Thecanthes to synonymy of 
Pimelea to be a long-term solution, the extensive polyphyly of Gnidia 
will still need to be addressed. Beaumont et al. (2009) proposed two 
options for dealing with the polyphyly of Gnidia, both of which would 
require extensive taxonomic changes. Option 1 proposes broadening 
the circumscription of Gnidia to also include Pimelea, Thecanthes, 
Struthiola, Passerina and Lachnaea, as well as resurrecting the 
genus Lasiosiphon Fresen. Option 2 proposes broadening the 
circumscription of Pimelea to include the several sister species of 
Gnidia, while reducing several other genera to sections within new 
subgenera of Gnidia. Beaumont et al. (2009) remained agnostic as to 
the preferred course of action, but we align more closely with Option 
2, which would subsume the Gnidia sister lineages into Pimelea 
(including the newly synonymised Thecanthes). 
We acknowledge that this option generates additional 
difficulties for generic delimitation within Thymelaeoideae. At present, 
Pimeleinae can be distinguished readily from the South African 
species of Gnidia only by the almost constant reduction in the 
number of stamens to (1)2 per flower (Beaumont et al. 2009). 
However, this seems to be a weak diagnostic character, considering 
that the number of stamens per flower is highly variable within 
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Thymelaeaceae (Rye and Heads 1990; van der Bank et al. 2002). 
Nevertheless, expanding Pimelea to include the sister species of 
Gnidia would remove this sole consistent morphological difference, 
and would leave no known synapomorphies for Pimelea. This is 
especially troubling, given that previous attempts to find additional 
synapomorphies have been largely unsuccessful (Beaumont et al. 
2009), presumably because of significant morphological 
convergence. 
There remains an additional course of action. Gnidia could be 
substantially reduced to conserve strongly supported monophyletic 
groups such as Lachnaea and Passerina. For this to occur, sampling 
within Lachnaea, Passerina, Struthiola, Drapetes and Kelleria would 
need to be increased to allow further understanding of these genera. 
This approach would also be hindered by the difficulty of finding 
synapomorphies for each newly circumscribed genus, which reflects 
the lack of informative morphological characters within the broader 
family (Peterson 1959; Ding Hou 1960). 
It is clear that the relationships within and between the genera 
of Thymelaeoideae are far from settled, and clarifying the 
circumscription of Gnidia in particular will probably result in many 
taxonomic changes. Even if it is ultimately only an interim measure, it 
is appropriate to perform the reduction of Thecanthes to synonymy 
with Pimelea here, because a taxonomic revision of Gnidia is unlikely 
to occur in the immediate future. Nevertheless, the uncertainty 
surrounding the relationships within Thymelaeoideae has diminished 
with each study that has increased taxon and gene sampling. 
Therefore, cost-effective generation of large amounts of genetic data, 
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as can be achieved through high-throughput sequencing, will be the 
next step towards a well resolved phylogeny for Thymelaeoideae. 
5.5. Taxonomy 
We reduce Thecanthes to synonymy of Pimelea, and reinstate its 
constituent species (in Pimelea) and Pimelea eyrei F.Muell., as 
follows. 
 
Pimelea filifolia (Rye) C.S.P.Foster et M.J.Henwood, comb. nov. 
Thecanthes filifolia Rye, B.L. Rye, in A.S. George (ed.) Fl. Australia 
18: 213–214, 325, fig. 80G I, map 303 (1990).  
Type: Magela Creek, N.T., 25 Feb. 1973, C.R. Dunlop 3357 (holo: 
CANB; iso: BRI, DNA, NSW; n.v.). 
 
Pimelea concreta F.Muell., Fragm. 5: 73 (1865) 
Banksia concreta (F.Muell.) Kuntze, Revis. Gen. Pl. 2: 583 (1891); 
Thecanthes concreta (F.Muell.) Rye, Nuytsia 6: 262 (1988). 
Type: Camden Harbour, W.A., J.S.Roe (holo: MEL; n.v.). 
Pimelea brevituba Fawcett in H.O.Forbes, A Naturalist’s Wanderings 
516 (1885). 
Type: Mount Sobale, Samoro, Timor, 28 Apr.–3 May 1883, H.O. 
Forbes 3828 (holo: BM; n.v.). 
 
Pimelea cornucopiae Vahl, Enum. Pl. 1: 305 (1804) 
Thecanthes cornucopiae (Vahl) Wikstr., Kongl. Vetensk. Acad. 
Handl. 271 (1818); Calyptostregia cornucopiae (Vahl) Endl., Gen Pl. 
Suppl. 4(2): 60 (1848); Banksia cornucopiae (Vahl) Kuntze, Revis. 
Gen. Pl. 2: 583 (1891).  
Type: Australia, D.Montin (holo: C, n.v., fide S.Threlfall, Brunonia 5: 
123 (1983)). 
Pimelea ramosissima Schumann in K.Schumann & K.Lauterbach, 
Nachtr. Fl. Deutsch. Schutzgeb. Südsee 324 (1905).  
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Type: New Britain, Bismarck Archipelago, Jan. 1902, R. Parkinson, 
n.v. 
Pimelea philippinensis C.Robinson, Philipp. J. Sci. 6: 345 (1911).  
Type: Sanchez Mira, Province of Cagayan, Luzon, Philippines, 
Ramos 7410 (holo: K; n.v.). 
 
Pimelea punicea R.Br., Prodr. 359 (1810) 
Thecanthes punicea (R.Br.) Wikstr., Kongl. Vetensk. Acad. Handl. 
272 (1818); Calyptostregia punicea (R.Br.) Endl., Gen Pl. Suppl. 4(2): 
60 (1848); Banksia punicea (R.Br.) Kuntze, Revis. Gen. Pl. 2: 583 
(1891).  
Type: North Bay, Arnhem Land, [N.T.], 16 Feb. 1803, R.Brown (lecto: 
BM, fide B.L.Rye, Nuytsia 6: 264 (1988); isolecto: MEL). 
Pimelea punicea var. breviloba F.Muell. ex Benth., Fl. Austral. 6: 6 
(1873).  
Type: Purdie Ponds, N.T., J.McDouall Stuart (lecto: K, fide B.L.Rye, 
op. cit. 264; isolecto: MEL; n.v.). 
 
Pimelea sanguinea F.Muell., Fragm. 1: 84 (1859) 
Banksia sanguinea (F.Muell.) Kuntze, Revis. Gen. Pl. 2: 583 (1891); 
Thecanthes sanguinea (F.Muell.) Rye, Nuytsia 6: 267 (1988).  
Type: Pandanus Springs, upper Roper R., N.T., 20 July 1856, 
F.Mueller (holo: MEL; n.v.). 
 
Pimelea eyrei F.Muell., Fragm. 5: 109 (1866) 
Banksia eyrei (F.Muell.) Kuntze, Revis. Gen. Pl. 2: 583 (1891); 
Pimelea longiflora subsp. eyrei (F.Muell.) Rye, Nuytsia 6: 196 (1988).  
Type: Eyre Ra., Phillip R. and Fitzgerald R., W.A., G.Maxwell (holo: 
MEL; n.v.). 
Note: The nomenclature here largely follows that presented by Rye 
and Heads (1990). 
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Chapter 6 — Plastome-Scale Data and 
Exploration of Phylogenetic Tree Space Help to 
Resolve the Evolutionary History of Pimelea 
(Thymelaeaceae) 
6.1. Introduction  
Since its inception, the molecular systematics of plants has been 
dominated by analyses of chloroplast genes (Clegg and Zurawski 
1992). For several decades, however, evolutionary rates have been 
known to vary among the genes in the chloroplast genome (Wolfe et 
al. 1987). Accordingly, it was recognised that a combination of 
chloroplast genes could potentially be used to resolve evolutionary 
relationships at multiple taxonomic scales. For example, one of the 
most commonly sequenced chloroplast genes has been rbcL, which 
was prominently used to estimate the phylogeny of seed plants 
(Chase et al. 1993). The value of chloroplast genes for molecular 
systematics is also reflected in the recommendation that rbcL and 
matK be used in tandem for DNA barcoding (Hollingsworth et al. 
2009).  
Chloroplast genes have provided an indisputably valuable 
source of data for plant systematics. However, there are cases in 
which chloroplast genes have only offered limited phylogenetic 
resolution for challenging taxa, even when combined with more 
rapidly evolving nuclear markers such as the internal transcribed 
spacer (ITS). One such example is Pimelea Banks & Sol. ex Gaertn. 
(Thymelaeaceae), a genus of flowering plants comprising ca. 150 
species (Z.S. Rogers, see 
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www.tropicos.org/Project/Thymelaeaceae). As expected in a genus 
of this size, Pimelea exhibits extensive morphological variation, both 
in terms of habit and inflorescence structure (Rye and Heads 1990). 
For example, some species are small and herbaceous, whereas 
others range from woody procumbent shrubs to large trees. 
Additionally, Pimelea has a number of life-history strategies, ranging 
from annual species that are always hermaphroditic, to perennial 
species that are variously dioecious, gynodioecious or 
hermaphroditic (Burrows 1960; Rye 1988; Rye and Heads 1990). 
Pimelea occurs in a variety of habitats, ranging from arid to alpine. 
Some species are restricted to relatively small geographic areas, but 
others are far more widespread (Rye and Heads 1990). 
Most of the taxonomic diversity in this genus can be found 
within Australia, with ca. 95 endemic species, and, after the recent 
reduction of Thecanthes to synonymy with Pimelea (Chapter 5), 
another two species extending into New Ireland and the Philippines 
(Rye and Heads 1990). About 35 species and 18 subspecies of 
Pimelea are also recognised within New Zealand (Burrows 2011b). 
The taxonomy of Pimelea has a long history and has undergone 
many revisions, particularly with respect to the relationship between 
Pimelea and the recently synonymised Thecanthes (Chapter 5; 
Bentham 1873; Gilg 1894; Threlfall 1982, 1984; Rye 1988; Rye and 
Heads 1990; Motsi et al. 2010).  
The first molecular systematic study to focus on Pimelea 
sampled five markers from 50 species (including the five species 
formerly recognised as Thecanthes), and found strong support for 
the monophyly of the genus (Motsi et al. 2010). However, the 
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phylogenetic resolution within Pimelea was poor overall, especially 
along the backbone of the tree. More recently, we attempted to 
resolve the relationships within Pimelea by sampling the same 
molecular markers as Motsi et al. (2010), but extending the sampling 
of Pimelea to 86 taxa (Chapter 5). By employing a range of statistical 
and phylogenetic techniques, including data partitioning, we resolved 
many of the sister-species groupings within the genus with strong 
support. We also found enough statistical support to reduce 
Thecanthes to a synonym of Pimelea. However, the backbone of the 
Pimelea phylogeny remained unresolved, with many of the internal 
branches appearing to be extremely short.  
Pimelea is economically important, with some species being 
popular in floriculture (Rye and Heads 1990), and other toxic species 
causing serious losses to the pastoral cattle industry through the 
poisoning of livestock (Fletcher et al. 2014). Additionally, many 
species of Pimelea are under some degree of threat. The Australian 
Environment Protection and Biodiversity Conservation (EPBC) Act 
1999 lists both subspecies of P. spinescens as critically endangered, 
P. venosa and P. spicata as endangered, and P. curviflora var. 
curviflora, P. leptospermoides, and P. pagophila as vulnerable. The 
Department of Environment, Land, Water and Planning in Victoria 
lists 16 Pimelea taxa as being rare or threatened, and the New South 
Wales Scientific Committee has recently supported a proposal to list 
P. cremnophila as critically endangered under the Australian 
Threatened Species Conservation Act 1995. Therefore, obtaining a 
stable nomenclature and phylogeny of Pimelea is valuable for 
floricultural and horticultural breeding programmes, for understanding 
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the evolutionary history of the toxic species, and for improving our 
knowledge of the genetics of many threatened species. 
There are many possible causes of poor phylogenetic 
resolution. The chosen molecular markers might lack the signal 
needed to resolve the evolutionary relationships. We posited that this 
was the case for Pimelea, with the low phylogenetic resolution likely 
to be a consequence of the low genetic variation in the chosen 
molecular markers (Chapter 5). This stands in contrast with the 
extensive morphological variation within the genus (Rye and Head 
1990). Alternatively, the molecular markers might have conflicting 
information as a result of the interactions between evolutionary 
processes, rates, and phylogenetic signal (Revell et al. 2008). 
Introgression and incomplete lineage sorting can lead to discordant 
gene trees and a resulting lack of support for species relationships 
(Vogl et al. 2003; Maddison and Knowles 2006). Extremely short 
branches, as are expected from a rapid or recent radiation, can also 
have a negative impact on phylogenetic resolution because of a lack 
of accumulated substitutions during the speciation process (Wiens et 
al. 2008). However, the potential causes of low phylogenetic 
resolution and conflicting phylogenetic signals are difficult to explore 
when the data set consists of only a few genetic markers. 
In this study, we aim to resolve the backbone of the Pimelea 
phylogeny using a plastome-scale data set. We take advantage of 
advances in sequencing technology to generate plastome sequences 
for 41 taxa, including 33 species of Pimelea and eight outgroup taxa. 
We conduct a series of Bayesian and maximum-likelihood analyses 
to estimate the phylogeny and evolutionary timescale of Pimelea. We 
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also perform a comprehensive set of analyses to examine the 
phylogenetic signal in our data set, and explore the difficult nature of 
unravelling recent radiations. 
6.2. Materials and methods 
6.2.1. Taxon sampling 
We aimed to obtain a representative sample of the evolutionary 
diversity of Pimelea by selecting from clades that were previously 
found to have moderate to strong support (Chapter 5). We also 
prioritised sampling from taxa that have been identified as vulnerable 
or threatened under the Australian Environment Protection and 
Biodiversity Conservation Act 1999, with the hope of improving the 
knowledge of the genetics of these species. We chose eight 
outgroup taxa from Thymelaeoideae. Leaves were sampled from 
herbarium specimens of Gnidia squarrosa, Kelleria dieffenbachii, 
Passerina montana, Struthiola thomsoni, Wikstroemia indica, and 
Jedda multicaulis. Chloroplast genome sequences for Aquilaria 
sinensis (Aquilarioideae, Thymelaeaceae) and Theobroma cacao 
(Malvaceae) were obtained from GenBank. In total, we sampled 41 
taxa (Appendix 5: Table A5.1). 
6.2.2. Molecular methods 
We obtained leaf samples for the majority of our chosen species from 
herbarium specimens lodged at the National Herbarium of New 
South Wales (NSW; Royal Botanic Gardens, Sydney), National 
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Herbarium of Victoria (VIC; Royal Botanic Gardens, Victoria), and the 
Queensland Herbarium (BRI; Brisbane Botanic Gardens, 
Queensland). We aimed to sample from the most recent and/or best-
preserved collections for each species. Fresh leaf samples were 
collected for several species of Pimelea from cultivated collections at 
the Australian National Botanic Gardens (CANB; Canberra, 
Australian Capital Territory). Additionally, we obtained samples of 
genomic DNA for some species of Pimelea from the National 
Herbarium of Victoria.  
We extracted genomic DNA from the leaf samples using the 
QIAGEN DNeasy Plant Mini Kit (QIAGEN, Melbourne, Australia), 
following the manufacturer’s protocol. The samples of total genomic 
DNA were prepared for sequencing by two different experimental 
methods. In both cases, we aimed to recover full chloroplast 
sequences in a genome-skimming approach. For our first approach, 
we sent samples for sequencing at the Ramaciotti Centre for 
Genomics (University of New South Wales, Australia). Each sample 
contained only genomic DNA from a single  taxon. Nextera libraries 
were prepared according to the Nextera® XT DNA Sample 
Preparation kit from Illumina, before paired-end (2×150 bp) shotgun 
sequencing was performed on the Illumina NextSeq 500 platform.  
Our second experimental sequencing approach was to pool 
DNA samples from the present study with those from animal taxa 
from an unrelated study. Sequencing was performed by BGI 
(Shenzhen, China) and Macrogen (Seoul, South Korea). At both 
facilities, Nextera libraries were prepared using the Nextera® XT 
DNA Sample Preparation kit from Illumina. At BGI, paired-end 
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(2×150 bp) sequencing was performed on the Illumina HiSeq 2500 
platform. At Macrogen, paired-end (2×150 bp) sequencing was 
performed on the Illumina Hiseq X-Ten platform. 
The raw data from both BGI and Macrogen contained reads 
from multiple taxa (one plant, ≥2 animals). To obtain the plant-
specific reads, we mapped all reads to a reference chloroplast 
genome from Aquilaria sinensis Gilg using BWA-mem v0.7.12 (Li 
2013), and then extracted all mapped reads using SAMtools v1.3.1 
(Li et al. 2009). 
6.2.3. Chloroplast genome assembly 
We attempted initial assembly of chloroplast genomes from non-
pooled samples using NOVOPlasty v2.5.9 (Dierckxsens et al. 2017), 
with A. sinensis as the reference genome. This method was highly 
successful for some taxa, and generated complete or near-complete 
circular chloroplast genome sequences. For other taxa, however, 
only small fragments of the chloroplast genomes were assembled. In 
these cases, we instead carried out de novo assembly using CLC 
Genomics Workbench 10 (available from http://www.clcbio.com). 
Next, we mapped the assembled contigs with ≥5× coverage for each 
species to a reference chloroplast genome. For the reference, we 
chose the chloroplast genome from Pimelea simplex subsp. simplex 
F.Muell. that was successfully assembled using NOVOplasty. Finally, 
we produced consensus sequences for each taxon. 
For all pooled samples, we exercised additional caution to 
ensure that the sequences were of plant origin, despite the initial 
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mapping step with BWA-mem. To do so, we carried out de novo 
assembly of each taxon using CLC as above. We then searched 
assembled contigs against the total Genbank nucleotide database 
with the BLASTn algorithm, and removed any contigs from highly 
conserved regions that were of non-plant origin. Finally, we mapped 
the remaining contigs against the Pimelea simplex subsp. simplex 
reference genome and extracted consensus sequences, as with the 
non-pooled sequences. 
We annotated all 41 chloroplast genomes using the Dual 
Organellar Genome Annotator (Wyman et al. 2004). In each case, 
we corrected the automatic annotation of start and stop codons by 
comparison with homologous chloroplast genes. Our previous 
mapping approach led to us recovering two copies of some genes, 
corresponding to those that would be found in the inverted repeats of 
the chloroplast genomes. After ensuring that both copies were 
identical, we discarded one copy of each of these genes prior to 
phylogenetic analysis. We recovered 75 out of 79 plastid protein-
coding genes for most taxa, but fewer genes for some taxa from the 
pooled samples (Appendix 5: File A5.1; Table A5.2). This is 
presumably because of uneven sequencing coverage across the 
pooled taxa, rather than the actual absence of these genes from their 
chloroplast genomes. Although this prevented us from identifying and 
recovering all possible intergenic regions, we were able to assemble 
a set of 55 intergenic regions and four intronic regions. 
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6.2.4. Phylogenetic analysis 
We aligned the protein-coding genes at the amino acid level using 
MAFFT v7.305b (Katoh and Standley 2013), then back-translated 
them into nucleotide sequences using PAL2NAL (Suyama et al. 
2006). All non-coding markers were aligned using MAFFT. We made 
manual adjustments to all sequence alignments. Three main 
concatenated data sets were assembled for phylogenetic analysis: (i) 
all protein-coding genes and non-coding regions (86,941 
nucleotides), (ii) all protein-coding genes (62,088 nucleotides), and 
(iii) all non-coding regions (24,853 nucleotides) (Appendix 5: File 
A5.1).  
Our main approach for inferring the phylogeny was the same 
for each data set. First, we inferred the phylogeny using maximum 
likelihood in IQ-TREE v1.5.5 (Nguyen et al. 2015), with branch 
support estimated using 1000 replicates of both the SH-like 
approximate likelihood-ratio test (SH-aLRT; Guindon et al. 2010), 
and the ultrafast bootstrapping algorithm (Minh et al. 2013). We used 
the ModelFinder option to identify the optimal partitioning scheme 
and substitution models (Chernomor et al. 2016; Kalyaanamoorthy et 
al. 2017), but for computational reasons we did not allow the 
probability-distribution-free model of rate heterogeneity among sites.  
Bayesian phylogenetic analysis was performed using 
MrBayes v3.2.2 (Ronquist et al. 2012b), using the same partitioning 
schemes and model for among-site rate heterogeneity as in the IQ-
TREE analyses. There are far fewer nucleotide substitution models 
available in MrBayes than in IQTREE. Therefore, the best 
compromise was to implement a GTR substitution model, the most 
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general model available, to each subset of the data. Posterior 
distributions of parameters, including the tree, were estimated by 
Markov chain Monte Carlo (MCMC) sampling. We ran two 
independent analyses with four Markov chains each for 107 steps, 
sampling every 103 steps. After removing the first 25% of samples as 
burn-in, we checked that the effective sample sizes of model 
parameters were above 200. To check that the chains were sampling 
from the stationary distribution of tree topologies, we inspected the 
average standard deviation of split frequencies to ensure that they 
were below 0.01. 
Preliminary assessments of our estimated trees revealed 
some strongly supported clades, but also many weakly supported 
nodes. Support values in both Bayesian and maximum-likelihood 
analyses can be sensitive to ‘rogue’ taxa whose phylogenetic 
placements are unstable (Wilkinson 1996). Rogue taxa might have 
large amounts of missing data or elevated substitution rates 
compared with other taxa in the data set, or there might be extremely 
low substitution rates inside and outside the clade being considered 
(Sanderson and Shaffer 2002). We tested for the presence of rogue 
taxa in all data sets using RogueNaRok v1.0 (Aberer et al. 2013). We 
maintained the default settings, but in each case we optimised the 
bootstrap support for the best-known (maximum-likelihood) tree for 
each data set.  
Chloroplast genomes are predominantly non-recombining 
(Birky 1995), so it is appropriate to concatenate their genes for 
phylogenetic analysis. Nevertheless, some have found evidence of 
conflicting topological signal between plastid genes (Zeng et al. 
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2014), which leads to low support for nodes. Therefore, we used a 
clustering approach to test whether topological discordance was 
leading to the low support in our inferred trees. The gene tree for 
each protein-coding gene was inferred using 10 searches in IQ-
TREE, in each case partitioning by codon position. Since the 
relationships among the outgroup taxa in the concatenated analyses 
were resolved with strong support, we pruned these taxa from the 
inferred gene trees. We also removed some genes and some 
Pimelea taxa to minimise the proportion of missing data and to 
achieve an optimal balance between gene and taxon sampling 
(Appendix 5: Table A5.1).  
We estimated the topological distance between each of the 
gene trees using the modified Robinson-Foulds metric of Penny and 
Hendy (1985) in the ape R package (Paradis et al. 2004). Using the 
CLARA algorithm in the cluster R package (Maechler et al. 2016), we 
clustered the gene trees based on their topological distances. The 
optimal number of clusters was determined using the gap statistic 
(Tibshirani et al. 2001). This approach recovered three clusters of 
genes that supported different tree topologies. We concatenated the 
genes within each of these clusters, and then inferred the phylogeny 
again using IQ-TREE and MrBayes. In each case we used the 
optimal partitioning scheme determined by IQ-TREE. 
To compare potential biological explanations for the clustering 
of gene trees, we investigated several properties of the clusters. First, 
we analysed each gene using codeml (Yang 2007) to estimate the 
ratio of nonsynonymous to synonymous substitution rates (ω), which 
can indicate the direction and strength of selection. The method in 
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codeml does not take into account any nucleotide site that has 
missing or ambiguous data for any taxon. Therefore, we excluded 
taxa for which we had only fragmentary gene sequences. We then 
compared the mean ω values across the three clusters of genes. We 
also calculated the mean length of each gene tree, using this as a 
proxy for substitution rate, to see whether gene clustering was 
associated with evolutionary rate (Duchêne and Ho 2015). Finally, 
we calculated the average GC content of each gene, because this 
was found to be associated with gene-tree clustering in a study of 
marsupials (Duchêne et al. in press). In each case, we tested for 
differences between clusters using a Kruskal-Wallis rank sum test, 
and determined which clusters differed using Dunn’s test with a 
Bonferroni correction for multiple tests. 
Our data set contains several species that have not previously 
been included in phylogenetic analyses of Pimelea. Therefore, we 
combined sequence data from the present study with those of 
Chapter 5 to place these species in the context of the broader 
phylogeny of Pimelea. The resulting data matrix of 3528 nucleotides 
from 271 taxa combined the protein-coding genes matK and rbcL, 
and a partial sequence of the trnT–trnL intergenic spacer. We 
analysed this data set using IQ-TREE and MrBayes with a separate 
GTR+Γ substitution model for each codon position and for the non-
coding marker. 
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6.2.5. Molecular dating 
We estimated the evolutionary timescale of Pimelea using 
MCMCTREE v4.8 (Yang 2007). Unfortunately, very few reliable 
fossils are available for calibrating molecular date estimates for 
Pimelea. No macrofossils of Thymelaeaceae are known, and the 
identification of pollen fossils from this family is notoriously difficult 
because their crotonoid morphology can also be found in other 
distantly related lineages (Herber 2002). Three main pollen types 
have been recognised in Thymelaeaceae: Phaleria-type (lower 
Miocene), Daphne-type (lower Eocene), and Gonystylus-type 
(Oligocene) (Muller 1981). There are crotonoid pollen fossil taxa that 
can be reliably assigned to Thymelaeoideae, dating from the 
Miocene onwards (Muller 1981), and Gonystyloideae fossils are 
known from the Eocene (Venkatachala and Kar 1968). Within 
Pimelea, the oldest microfossils are from the mid-Pliocene of New 
Zealand (Mildenhall 1980), but are uninformative for molecular dating 
because of this young age. A pollen fossil from the Paleocene of 
Texas has been attributed to Pimelea, but probably belongs to 
another group of Thymelaeaceae or elsewhere (Muller 1981). 
The taxonomy of Thymelaeaceae has changed considerably 
in the several decades since the last detailed reviews of the fossil 
record of the broad group. This suggests a need for caution in the 
assignment of fossils to lineages. Therefore, we took a conservative 
approach to fossil calibration. We placed a minimum age of 33.9 
million years ago (Ma) on the crown node of Thymelaeaceae based 
on Daphne-type pollen from the lower Eocene (Krutzsch 1966; 
Gruas-Cavagnetto 1976). We chose to assign this age to crown 
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Thymelaeaceae rather than the more nested Daphne clade 
(represented by Wikstroemia in our study), because the latter 
assignment has been challenged based on a lack of definitive 
synapomorphies in the pollen (Herber 2002). We also placed a 
minimum age of 7.25 Ma on the stem node of Wikstroemia, based on 
fossil pollen from the Daphne-Thymelaea evolutionary lineage from 
the Tortonian (Barrón 1996). Finally, we placed a minimum age of 
55.8 Ma on the root, corresponding to the oldest macrofossils of 
stem-group Malvaceae from the Cerrejón Formation (middle to late 
Paleocene) (Carvalho et al. 2011).  
All calibrations were implemented as uniform priors with soft 
bounds. We ran two replicate analyses, each with a different 
maximum age constraint on the root. First, we conservatively 
assigned a maximum age of 126.7 Ma, corresponding to the first 
appearance of tricolpate pollen at the upper age limit of the 
Barremian–Aptian boundary (Friis et al. 2006). This has frequently 
been used as a maximum age bound for eudicots in studies of 
angiosperm evolution (Sauquet et al. 2012; Massoni et al. 2015a; 
also discussed in Chapter 2). Second, we used a more informative 
maximum age of 77.61 Ma, corresponding to the upper bound of the 
95% credibility interval for the divergence of Malvaceae and 
Thymelaeaceae from their most recent common ancestor in a recent 
molecular dating analysis (Magallón et al. 2015). 
MCMCTREE requires a fixed tree topology, so we chose the 
maximum-likelihood tree from our analysis of the combined protein-
coding and non-coding data set. We estimated the overall 
substitution rate by running baseml (Yang 2007) under a strict clock, 
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with a single point calibration of 59.8 million years ago (Ma) at the 
root. We based this calibration on a recent mean estimate for the 
divergence of Malvaceae and Thymelaeaceae from their most recent 
common ancestor (Magallón et al. 2015). We used the substitution 
rate estimate to set the prior on the overall substitution rate across 
loci in the MCMCTREE analysis, and we set the shape and scale 
parameters for the prior on rate variation across branches to 1 and 
1.3, respectively.  
Judicious partitioning of molecular clock models is an 
important component of molecular dating (Chapter 4; Angelis et al. 
2018). We partitioned the data set into four subsets, one for each 
codon position of the protein-coding genes and one for the non-
coding data. This applies a separate relaxed clock to each data 
partition. The posterior distribution of node ages was estimated by 
MCMC sampling, with samples drawn every 500 steps across a total 
of 2.5×106 steps, after a discarded burn-in of 2×105 steps. We ran the 
analysis in duplicate to assess convergence, and confirmed sufficient 
sampling by checking that the effective sample sizes of all 
parameters were above 200. 
6.3. Results 
6.3.1. Phylogenetic relationships: plastome-scale data 
set 
We report first on the relationships that we inferred using maximum-
likelihood and Bayesian analyses of the combined protein-coding and 
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non-coding sequences. Consistent with previous findings (Chapter 5; 
van der Bank et al. 2002; Beaumont et al. 2009; Motsi et al. 2010), 
we found maximum support for a monophyletic Thymelaeoideae 
(Figures 6.1 and 6.2). Our study is the first to use molecular data to 
assess the phylogenetic position of Jedda multicaulis, a monotypic 
genus within Thymelaeoideae (Clarkson 1986). We found maximum 
support for a sister relationship between Jedda multicaulis and the 
rest of Thymelaeoideae. The relationships that we resolved along the 
Thymelaeoideae backbone, including those among Passerina, 
Kelleria, Struthiola, and Wikstroemia, are consistent with previous 
findings (Chapter 5; Beaumont et al. 2009). However, we provide the 
strongest support for these relationships so far (p.p. = 1, SH-aLRT = 
100%, UFboot = 100%). As in previous studies, we inferred a close 
relationship between Gnidia squarrosa and Pimelea. Additionally, we 
found maximum support for a monophyletic Pimelea. 
Within Pimelea, the relationships inferred in the maximum-
likelihood and Bayesian analyses are predominantly the same, 
although the level of support differs between methods. In the 
maximum-likelihood analysis, some nodes received strong UFboot 
support (≥95%), but many are only moderately supported (80–94%). 
In contrast, all but five nodes have strong support based on SH-aLRT 
values (≥80%). In the Bayesian analysis, most nodes have posterior 
probabilities of 1.00, and only six nodes have posterior probabilities 
below 0.95. In both maximum-likelihood and Bayesian analyses, 
branches were generally very short, particularly along the backbone, 
indicative of a recent or rapid radiation.  
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The evolutionary relationships of Pimelea aquilonia, P. 
cremnophila, P. elongata, P. penicillaris, and P. umbratica have not 
been evaluated previously. Pimelea aquilonia was resolved as the 
sister species to Pimelea sanguinea, which was considered as part 
of the segregate genus Thecanthes until its recent synonymisation 
with Pimelea (Chapter 5). Pimelea elongata was resolved as the 
sister taxon to P. trichostachya and P. simplex subsp. simplex, with 
this clade of three species representing all Pimelea species that have 
so far been confirmed to be toxic to livestock (Fletcher et al. 2014). 
Both P. penicillaris and P. umbratica were grouped with P. 
leptospermoides, P. ligustrina subsp. ligustrina, P. venosa, and P. 
cremnophila. In all analyses, there was maximum support for a sister 
relationship between P. cremnophila and P. venosa. However, the 
relationships among the other species within this clade are 
unresolved, and represent the only differences between the trees 
inferred using Bayesian and maximum-likelihood methods. 
6.3.2. Phylogenetic relationships: other data sets 
Separate analyses of the protein-coding and non-coding data sets 
yielded trees that were mostly congruent with those estimated from 
the combined data set, but with less support overall (Appendix 5: 
Figures A5.1–A5.4). The only differences between the trees 
estimated from the combined and protein-coding data sets occur in 
poorly supported parts of the phylogeny. This is also the case for 
some of the incongruent relationships between the combined and 
non-coding data sets, but there are also some strongly supported 
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differences. For example, analyses of the non-coding data set 
resolve P. haematostachya as the sister taxon to all other Pimelea 
taxa with strong support in the Bayesian analysis (p.p. = 0.99), and 
moderate support in the maximum-likelihood analysis (SH-aLRT = 
74.2%, UFboot = 90%). This is in contrast with the results from 
analyses of the combined data set, where P. haematostachya 
occupies a more nested position as the sister taxon to a clade 
comprising P. ammocharis, P. aquilonia, and P. sanguinea, with 
strong to moderate support (p.p. = 1, SH-aLRT = 90.4%, UFboot = 
91%). Nevertheless, combining the two sources of data leads to the 
best-supported trees, including both along the backbone and at the 
tips. 
We found very little evidence for rogue taxa having an impact 
on our results, with no rogue taxa detected in the protein-coding and 
combined data sets. When analysing the non-coding data set, 
however, we found Pimelea physodes to be a putative rogue taxon. 
Nevertheless, pruning P. physodes had no impact on the UFboot or 
SH-aLRT support values for any nodes in the inferred phylogeny, 
and only increased the posterior probability of one node from 0.99 to 
1. 
Analysis of the data matrix combining sequences from three 
molecular markers from the present study with those of Chapter 5 
yielded a phylogeny that is mostly poorly supported (Appendix 5: 
Figures A5.5–A5.6). Additionally, in the maximum-likelihood analysis, 
some taxa were resolved in unusual positions in the phylogeny, 
including two species of Passerina that were resolved within 
Pimelea. This is probably because of the sequences for some taxa 
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being fragmentary, with large amounts of missing data. Nevertheless, 
the expanded Pimelea phylogeny can still be used as a preliminary 
test of the placement of the taxa in this study that have not previously 
been subject to phylogenetic analysis. Jedda multicaulis was again 
inferred to be the sister lineage to all other taxa in Thymelaeoideae, 
with strong to moderate support (p.p. = 0.89, SH-aLRT = 75.5%, 
UFboot = 92%). Pimelea aquilonia was found to group with P. 
haematostachya, P. decora, P. argentea, P. strigosa, P. latifolia 
subsp. elliptifolia, and P. sericostachya subsp. sericostachya, but 
with only moderate to low support (p.p. = 0.56, SH-aLRT = 83.2%, 
UFboot = 75%). As in our main analyses, we found a sister 
relationship between P. cremnophila and P. venosa with strong 
support (p.p. = 1, SH-aLRT = 96.4%, UFboot = 100%). In the 
maximum-likelihood analysis, P. penicillaris was resolved as the 
sister taxon to P. curviflora var. gracilis with moderate support (SH-
aLRT = 79.9%, UFboot = 88%), but in the Bayesian analysis P. 
penicillaris was instead resolved as the sister taxon to P. curviflora 
var. divergens with maximum support. Finally, the phylogenetic 
placement of P. umbratica was comparable with that inferred in our 
main analyses. 
6.3.3. Exploration of phylogenetic tree space 
Our topology-clustering approach identified three clusters of gene 
trees for the protein-coding data set (Appendix 5: Table A5.2; Figure 
A5.7). The most striking difference between clusters was in tree 
length (Kruskal-Wallis rank sum test; p<0.01; H=13.356; df=2) 
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(Appendix 5: Figure A5.8). Trees from Cluster 1 were significantly 
longer than those in Cluster 2 and Cluster 3 (Dunn’s test; p<0.05 and 
p<0.001, respectively), but there was no significant difference in tree 
length between Cluster 2 and Cluster 3.  
We found a significant difference in GC content between 
clusters (Kruskal-Wallis rank sum test; p<0.01; H=10.912; df=2) 
(Appendix 5: Figure A5.9). The genes in Cluster 2 had a significantly 
higher GC content than those in the other two clusters (Dunn’s test; 
p<0.05 and p<0.001, respectively), but there was no significant 
difference between Cluster 1 and Cluster 3. However, the difference 
was small enough not to warrant further investigation. When 
considering the ratio of nonsynonymous to synonymous substitution 
rates for each gene, there was no significant difference between any 
of the clusters (Kruskal-Wallis rank sum test; p>0.05; H=3.5508; 
df=2) (Appendix 5: Figure A5.10).  
When we re-estimated the phylogeny for each of the three 
clusters of genes, there were noticeable differences in topology 
between trees, as expected (Appendix 5: Figures A5.11–A5.16). The 
tree inferred from the genes in Cluster 1 has generally higher node 
support, especially when considering SH-aLRT support values for the 
backbone nodes. Based on this higher support, and the smaller 
number of short branches, we consider the tree from Cluster 1 to be 
the most reliable. There are many cases in which the longer tree 
from Cluster 1 closely resembles the trees estimated from the 
protein-coding data set, such as in the resolution of a clade 
comprising P. biflora, P. micrantha, and P. spicata. There are also 
some differences in topology, but these are generally unsupported. In 
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all analyses in this study, a clade comprising the toxic Pimelea 
species P. elongata, P. simplex subsp. simplex, and P. trichostachya 
is resolved as the sister group to a clade comprising P. 
haematostachya, P. ammocharis, P. aquilonia, and P. sanguinea, 
with this combined clade being the sister group to the rest of 
Pimelea. In the trees estimated separately for each cluster, the sister 
relationship between these two clades is strongly supported (p.p. = 1, 
UFBoot ≥95%, SH-aLRT ≥80%), despite this relationship being only 
moderately to poorly supported by the protein-coding, non-coding, 
and combined data sets. 
6.3.4. Molecular dating 
Our various molecular dating analyses yielded generally similar 
estimates of node ages, except for some of the deeper divergences 
when we implemented a conservative maximum bound of 126.7 Ma 
for the age of the root (Appendix 5: Figure A5.17). Here, we report 
the results of our analysis using a maximum age constraint of 77.61 
Ma (Fig. 6.3, Appendix 5: Figure A5.18). We inferred that crown-
group Thymelaeaceae arose 51.23–32.19 Ma, and crown-group 
Thymelaeoideae arose 38.34–22.32 Ma. Crown-group Pimelea was 
inferred to have arisen in the mid to late Miocene, 9.44–5.42 Ma. 
Diversification within the genus occurred over a short time period, 
with the majority of mean age estimates falling between ca. 6–4 Ma, 
and with the most recent divergence between P. trichostachya and P. 
simplex subsp. simplex occurring 2.76–1.13 Ma. The two New 
Zealand taxa that we included in our data set, P. ignota and P. xenica  
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were inferred to have split from each other 3.8–1.3 Ma. 
6.4. Discussion 
6.4.1. Phylogenetic relationships within Pimelea 
Resolving the phylogenetic relationships within Pimelea, particularly 
along the backbone of the phylogeny, has been a long-standing 
challenge. In the present study, we have provided the best estimate 
of the early evolutionary history of Pimelea through the sequencing 
and analysis of chloroplast genomes. We also offer a vast 
improvement in phylogenetic resolution within Pimelea. Previous 
attempts to resolve the relationships within the genus used a 
maximum of five molecular markers, with little success. This is 
despite the inclusion of protein-coding and non-coding chloroplast 
genes alongside nuclear ribosomal genes. It is only after increasing 
the sampling to a total of 134 molecular markers (75 protein-coding 
and 59 non-coding) that we have been able to achieve a satisfactory 
resolution of the relationships within Pimelea. Previously, the best-
resolved phylogeny of Pimelea only included support for some sister-
species relationships and some other small clades (Chapter 5), but 
here we have improved the phylogenetic resolution both at the tips 
and along the backbone.  
Within Pimelea, our phylogenetic analyses yielded support for 
several clades of interest. Pimelea lehmanniana subsp. nervosa, P. 
ferruginea, P. rosea, P. avonensis, and P. physodes are all endemic 
to Western Australia, and were found to form a clade with strong 
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support. The two New Zealand taxa that we sampled, Pimelea ignota 
and P. xenica, grouped together with maximum support. We found 
moderate to strong support for P. curviflora var. curviflora, which is 
restricted to Sydney, NSW, as the sister taxon to the two New 
Zealand taxa. This clade was nested within the Pimelea phylogeny, 
and implies a single arrival of Pimelea into New Zealand from 
Australia, although broader taxon sampling and explicit 
biogeographic modelling is needed to confirm this.  
Our phylogenetic analysis has clarified the phylogenetic 
position of several species of Pimelea that, under the Australian 
EPBC Act List of Threatened Flora, are critically endangered (P. 
cremnophila and P. spinescens subsp. pubiflora), endangered (P. 
spicata and P. venosa), or vulnerable (P. curviflora var. curviflora, P. 
leptospermoides, and P. pagophila). Knowledge of the genetics of 
these species could help to guide future conservation efforts. For 
example, since P. cremnophila and P. venosa are sister lineages and 
under threat, losing both of these taxa would represent a significant 
loss of evolutionary diversity.  
The results of our analyses might also have economic 
implications, by confirming the monophyly of the group including P. 
elongata, P. simplex subsp. simplex, and P. trichostachya, the three 
species of Pimelea that are confirmed to be toxic to livestock 
(Fletcher et al. 2014). However, it should be noted that other Pimelea 
species have also been found to contain the simplexin toxin, but 
have not yet been linked definitively to livestock poisoning (Chow et 
al. 2010). Some of these other species are closely related to our 
“toxic” clade, including P. haematostachya and P. decora, but others 
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are more distantly related, including P. microcephala and P. 
penicillaris. Therefore, it is possible that toxicity has evolved multiple 
times independently in this genus, or that all or most taxa have 
various levels of underlying toxicity. 
Our results reinforce several important findings from previous 
studies of Pimelea. Despite indications that Thecanthes should be 
reduced to synonymy with Pimelea, Motsi et al. (2010) were reluctant 
to do so without stronger bootstrap support for a sister relationship 
between species of Thecanthes and Pimelea. In a more recent 
study, we achieved bootstrap support for a sister relationship 
between Thecanthes and P. decora + P. haematostachya that we 
deemed sufficient, so we synonymised Thecanthes with Pimelea 
(Chapter 5). However, the bootstrap support for this relationship was 
still only 86%. In the present study, we have provided stronger 
evidence for the synonymisation by demonstrating a sister 
relationship between P. sanguinea (formerly Thecanthes sanguinea) 
and P. aquilonia with strong support (p.p. = 1, SH-aLRT = 95.9%, 
UFboot = 97%).  
Rye (1988) classified Pimelea into seven sections based on 
morphological evidence, but the sectional classification has not been 
upheld in either of the recent molecular systematic studies of Pimelea 
(Chapter 5; Motsi et al. 2010). The present study included 
representatives of six of the seven sections, and we have found 
again that, overall, the sectional classification is not supported by 
molecular data. Although we inferred a monophyletic P. sect. 
Heterolaena, we only sampled four out of ca. 15 species from this 
section (Appendix 5: Table A5.1). All other sections were found to be 
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polyphyletic. However, much greater taxon sampling would be 
required before we can propose an alternative stable infrageneric 
classification for Pimelea. The infrageneric classification of the 
species of Pimelea that were formerly included in Thecanthes also 
remains to be assessed. 
6.4.2. Implications for the broader subfamily 
Several recent studies have focused on the molecular systematics of 
Thymelaeaceae, either at the family level or with a focus on its 
constituent genera (Chapter 5; Beaumont et al. 2009; Motsi et al. 
2010). There have been a number of consistent findings in these 
studies with respect to the subfamily Thymelaeoideae. Most genera 
within Thymelaeoideae are found to be monophyletic with strong 
support, with Gnidia being an important exception. Gnidia is the 
largest genus in Thymelaeaceae and exhibits extensive polyphyly 
(Chapter 5; Motsi et al. 2010). Since Gnidia has nomenclatural 
priority over many Thymelaeoideae, resolving the circumscription of 
this genus has implications for the nomenclature of nearly all other 
genera within the subfamily. We do not address the issue of the 
polyphyly of Gnidia in the present study, because this will require a 
much larger taxon sample from throughout Thymelaeoideae. 
However, we do confirm a close relationship between Gnidia 
squarrosa and Pimelea, as identified previously (Chapter 5; Motsi et 
al. 2010).  
The relationships among the genera of Thymelaeoideae have 
not been certain, despite some recent improvement in support 
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(Chapter 5). In the present study, we fully resolve the backbone of 
the Thymelaeoideae phylogeny. Although we did not include all of 
the genera in the subfamily, we included representatives from 
several of the major clades that have been identified previously 
(Chapter 5; Beaumont et al. 2009; Motsi et al. 2010). Additionally, we 
have inferred the phylogenetic placement of Jedda multicaulis for the 
first time, and demonstrated that the divergence of the evolutionary 
lineage leading to this taxon was one of the earliest divergences in 
Thymelaeoideae. 
6.4.3. Evolutionary timescale of Pimelea 
All of our inferred phylogenies revealed many extremely short 
branches within Pimelea, particularly along the backbone of the 
phylogeny. Short internal branches can indicate a rapid or recent 
radiation (Crisp and Cook 2009), but an estimate of the evolutionary 
timescale is necessary to confirm either possibility. We are the first to 
provide an estimate of the evolutionary timescale of Pimelea and 
Thymelaeoideae. Based on the distribution of the taxa we sampled, 
we tentatively infer an origin of Thymelaeoideae in Australia 39.8–
23.3 Ma, followed by at least two independent dispersals to South 
Africa 22.8–12.7 Ma (the clade comprising Struthiola and Passerina) 
and 18.1–9.7 Ma (Gnidia squarrosa). However, denser sampling 
from Thymelaeoideae is necessary for more definitive conclusions. 
Our inferred evolutionary timescale suggests that none of the extant 
species of Pimelea arose particularly recently, but that the genus 
underwent a rapid radiation in the mid-Miocene.  
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The Miocene was a time of increasing aridification in Australia 
(Byrne et al. 2008), and has been hypothesised to have promoted 
speciation in many Australian taxa as habitats fragmented (Byrne 
and Hopper 2008). A rapid radiation in the early evolutionary history 
of Pimelea goes some way to explaining the difficulty behind 
estimating a well resolved phylogeny for the genus. Rapid radiations 
have challenged phylogenetic estimation at multiple taxonomic 
scales (Wang et al. 2009; Fior et al. 2013; Straub et al. 2014). We 
also inferred a recent origin of the New Zealand species of Pimelea 
during the Pliocene–Pleistocene, consistent with a single arrival by 
long-distance dispersal. 
6.4.4. The importance of critically assessing methods 
The improvements in phylogenetic resolution achieved in our study 
only became evident after careful consideration of the best ways to 
analyse our data set. Analysing only protein-coding data or only non-
coding data led to conflicting topologies. Some of the inferred 
evolutionary relationships only had moderate to poor support, but 
there were also some strongly supported incongruences between the 
two sources of data. Although this might be a true signal from the 
data, it could also be due to a greater amount of missing data and/or 
fragmentary sequences in the non-coding data set compared with 
the protein-coding data set.  
It is also important to consider critically the different methods 
that can be used to assess the support for inferred relationships. In 
this study, we assessed support for phylogenetic relationships using 
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Bayesian posterior probabilities, the SH-like approximate likelihood-
ratio test (SH-aLRT), and the ultrafast bootstrap (UFboot). There are 
cases in which the Bayesian estimates of the trees contained nodes 
with maximum posterior probabilities, yet the same relationships 
received only moderate to low ultrafast bootstrap support. It is difficult 
to determine why this might be, since posterior probabilities and 
bootstrap support are calculated differently, and, therefore, cannot be 
directly compared. Nevertheless, it has been suggested that 
posterior probabilities can overestimate branch support, or bootstrap 
support can be overly conservative, or both (Douady et al. 2003).  
In a phylogeny such as the one inferred in this study, with very 
short branches corresponding to a rapid radiation, there might have 
been inadequate time for many substitutions to accumulate (Wiens et 
al. 2008). As a result, bootstrap replicates might fail to recover the 
few substitutions that do exist. However, SH-aLRT values are robust 
to short branches and should provide more accurate estimates of 
support in these situations (Guindon et al. 2010). An important caveat 
is that SH-aLRT values can fail to account for competing highly likely 
topologies that differ greatly from the maximum-likelihood tree. In 
cases where there is not a good estimate of the maximum-likelihood 
topology, a bootstrapping approach might be preferable because 
support values are based on a better sample of topologies (Guindon 
et al. 2010). Therefore, in the case of our data set, where a rapid 
radiation has led to a challenging phylogenetic problem, it is best to 
consider different support indices in combination. 
We found evidence of conflicting signal across chloroplast 
genes in Pimelea, despite the chloroplast genome being non-
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recombining. We identified three clusters of protein-coding gene 
trees based on Robinson-Foulds topology distances. Although the 
trees estimated from each cluster of genes were not better resolved 
or more highly supported than the tree estimated from all protein-
coding genes combined, we still observed some trends of note. 
Despite the common assumption that all chloroplast genes share the 
same topology, we demonstrate that gene trees from the chloroplast 
genome can have different topologies, as has been suggested 
previously (Delwiche and Palmer 1996; Vogl et al. 2003; Shepherd et 
al. 2008; Zeng et al. 2014).  
Recombination is unlikely to be the cause of the discordance 
among chloroplast gene trees, because this process has only rarely 
been observed in any plants (Birky 1995). Horizontal gene transfer is 
a common explanation for discordance between nuclear and 
chloroplast phylogenies, and has been observed in plants previously 
in the form of chloroplast capture (Soltis et al. 1991; Jackson et al. 
1999; Stegemann et al. 2012). However, because the chloroplast is 
inherited as a single locus, chloroplast capture should not lead to 
discordance among genes within the chloroplast. Alternative 
explanations for discordance between chloroplast gene trees include 
mutational saturation, covarion effects, and paralogy (Vogl et al. 
2003). Given the relatively young age that we inferred for Pimelea, 
both saturation and covarion effects are unlikely. Paralogy of 
chloroplast genes is hypothesised to occur through gene duplication 
as genes are recruited into the chloroplast inverted repeat, followed 
by loss of one of the gene copies (Vogl et al. 2003). The duplicate 
protein-coding genes that we identified, corresponding to those that 
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would be in the inverted repeats, were identical within species; this 
indicates that paralogy was not a problem.  
Since we have inferred a relatively recent origin for Pimelea, it 
is possible that the protein-coding genes, which represent the largest 
component of our data set, have evolved too slowly to allow 
resolution of the evolutionary relationships within the genus. 
Therefore, the discordance between gene trees might be caused by 
a lack of resolution in some gene trees, with those of a similar 
evolutionary rate and phylogenetic signal clustering together. This 
hypothesis is supported by our finding that the three clusters of gene 
trees differ in terms of tree length, which reflects the relative 
substitution rate. When comparing the three clusters, the tree 
estimated from Cluster 1 most closely resembles our best estimate of 
the Pimelea phylogeny, has overall far greater support than the trees 
estimated from the other two clusters, and its constituent genes are 
significantly longer than in the other two clusters. The implications of 
this are especially evident when considering the SH-aLRT support 
values, because many of the short branches in the trees estimated 
from Cluster 2 and Cluster 3 receive SH-aLRT support values of 0%. 
6.5. Conclusions 
It is clear that the phylogeny of Pimelea represents a challenging 
problem. Previously, we posited that the lack of phylogenetic 
resolution for this genus was largely due to a lack of genetic variation 
within the chosen molecular markers (Chapter 5). However, through 
sequencing of chloroplast genomes we have revealed that the 
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difficulty can also be attributed to a rapid radiation early within the 
evolutionary history of Pimelea. Additionally, discordance among 
gene trees might be contributing to the difficulty in phylogeny 
estimation. 
Future phylogenomic studies of Pimelea should include much 
broader taxon sampling both within the genus and within 
Thymelaeoideae, and sampling from the nuclear genome. This will 
allow a more definitive understanding of the evolutionary history of 
Pimelea, including the potential presence of confounding factors 
such as incomplete lineage sorting. Increased sampling will also help 
to clarify the taxonomic problems caused by the extensive polyphyly 
of Gnidia, which we have not addressed here. Nevertheless, the 
improvements that we have made to the phylogeny of Pimelea 
through plastome-scale sequencing and in-depth phylogenetic 
analyses reveal the power of these methods, and will assist with 
future revisions of the genus. 
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Chapter 7 — General Discussion 
7.1. Thesis overview and significance 
Molecular phylogenetics has revolutionised research into angiosperm 
evolution. In the early days of the molecular revolution, many 
answers to key questions in angiosperm evolution based on 
morphological data were overturned. For example, gnetophytes were 
sometimes proposed to be the closest extant relatives to 
angiosperms based on comparative morphology (Crane 1985; Doyle 
and Donoghue 1986; but see Foster and Gifford 1959), but molecular 
data have shown this not to be true (Qiu et al. 1999; Winter et al. 
1999). Before long, molecular data also resolved further questions 
such as the identity of the sister lineage to all angiosperms (Mathews 
and Donoghue 1999; Parkinson et al. 1999; Qiu et al. 1999; Soltis et 
al. 1999), and began to refine the evolutionary timescale of 
angiosperms. However, many of the early key findings were based 
on very small numbers of genes (e.g., Chase et al. 1993).  
The increasing availability of high-performance computational 
facilities, and the ability to generate massive quantities of sequence 
data in a cost-effective manner, present a golden opportunity for 
fundamental questions in biology to be addressed with 
unprecedented rigour (Metzker 2010). However, these data sets also 
present many analytical and theoretical challenges, especially since 
our knowledge of the best ways to analyse molecular data, and the 
assumptions behind many methods, are largely based on data sets 
of only a few genes (Tong et al. 2016). In the studies presented in 
this thesis, I aimed to address many of these challenges. I focused 
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on uncovering the ways in which the many methodological 
components of phylogenetic analysis might affect the estimates of 
evolutionary relationships and timescales, and demonstrated the 
utility of plastome-scale data sets for answering key questions in 
biology. 
In Chapter 2, I investigated the angiosperm evolutionary 
timescale. The timing of the origin of angiosperms and their 
subsequent diversification has long been a key question in biology 
(Magallón 2014). Molecular estimates of this timescale have shown 
considerable variation, being influenced by differences in taxon 
sampling, gene sampling, fossil calibrations, evolutionary models, 
and choices of priors (summarised in Chapter 1 and Chapter 2).  
I analysed a data set comprising 76 protein-coding genes 
from the chloroplast genomes of 195 taxa spanning 86 families, 
including novel genome sequences for 11 taxa, to evaluate the 
impact of models, priors, and gene sampling on Bayesian estimates 
of the angiosperm evolutionary timescale. Using a Bayesian relaxed 
molecular-clock method, with a core set of 35 minimum and two 
maximum fossil constraints, I estimated that crown angiosperms 
arose 221 (251–192) Ma during the Triassic. Based on a range of 
additional sensitivity and subsampling analyses, I found that the date 
estimates were generally robust to large changes in the parameters 
of the birth–death tree prior and of the model of rate variation across 
branches. I found an exception to this when I implemented fossil 
calibrations in the form of highly informative gamma priors rather than 
as uniform priors on node ages. Under all other calibration schemes, 
including trials of seven maximum age constraints, I consistently 
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found that the earliest divergences of angiosperm clades 
substantially predate the oldest fossils that can be assigned 
unequivocally to their crown group.  
Overall, my extensive analyses of genome-scale data in 
Chapter 2 have provided one of the most rigorous estimates of the 
angiosperm evolutionary timescale so far. More broadly, my results 
suggest that incorporating plastome-scale data into molecular dating 
analyses might not necessarily lead to improvements in estimates of 
evolutionary timescales. Instead, reliable age estimates will require 
increased taxon sampling, significant methodological changes, and 
new information from the fossil record. 
Chapters 3 and 4 provide assessments of phylogenetic 
methods for partitioning genome-scale data for molecular dating 
analyses. Clock-partitioning is an important, and arguably under-
utilised, component of phylogenetic analysis, and allows phenomena 
like among-lineage rate-heterogeneity to be taken into account 
(Duchêne and Ho 2014; Angelis et al. 2018). In Chapter 3, I 
investigated the performance of different clustering methods to 
assign genes to molecular-clock-partitions using data from 
chloroplast genomes and data generated by simulation. My results 
show that mixture models provide a useful alternative to traditional 
partitioning algorithms. I found only a small number of distinct 
patterns of among-lineage rate variation among chloroplast genes, 
which were consistent across taxonomic scales. This suggests that 
the evolution of chloroplast genes has been governed by a small 
number of genomic pacemakers. My study also demonstrates that 
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clustering methods provide an efficient means of identifying clock-
partitioning schemes for genome-scale data sets. 
In Chapter 4, I investigated how the accuracy and precision of 
Bayesian divergence-time estimates improve with increased clock-
partitioning of genome-scale data into clock-subsets. I focused on a 
data set comprising plastome-scale sequences of 52 angiosperm 
taxa. There was little difference among the Bayesian date estimates 
whether I chose clock-subsets based on patterns of among-lineage 
rate heterogeneity or relative rates across genes, or by random 
assignment. Increasing the degree of clock-partitioning usually led to 
an improvement in the precision of divergence-time estimates, but 
this increase was asymptotic to a limit presumably imposed by fossil 
calibrations. My clock-partitioning approaches yielded highly precise 
age estimates for several key nodes in the angiosperm phylogeny. 
For example, when partitioning the data into 20 clock-subsets based 
on patterns of among-lineage rate heterogeneity, I inferred crown 
angiosperms to have arisen 198-178 Ma. This demonstrates that 
judicious clock-partitioning can improve the precision of molecular 
dating based on phylogenomic data, but I caution that the meaning of 
this increased precision should be considered critically. 
I demonstrated the power of comprehensive phylogenetic 
analyses to resolve difficult phylogenetic problems in Chapters 5 and 
6. In Chapter 5, I investigated the molecular systematics of Pimelea 
Banks & Sol. (Thymelaeaceae), including its close relationship with 
Thecanthes Wikstr. Previous attempts to resolve the relationships 
within Pimelea have been largely unsuccessful (Beaumont et al. 
2009; Motsi et al. 2010), with a lack of molecular variation leading to 
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most relationships within the genus remaining unclear. However, 
these previous studies still uncovered some trends of note, such as 
the possibility of Thecanthes being nested within Pimelea. Relatively 
low phylogenetic resolution and low statistical support prevented 
potentially necessary taxonomic changes from occurring (Motsi et al. 
2010) 
Through careful and exhaustive Bayesian and maximum-
likelihood phylogenetic analyses of four plastid markers (matK, rbcL, 
rps16, trnL–F) and one nuclear ribosomal marker (ITS), I recovered 
an improved estimate of the phylogeny of Pimelea, including strong 
support for the nested position of Thecanthes within Pimelea. My 
results also indicated that P. longiflora R.Br. subsp. longiflora and P. 
longiflora subsp. eyrei (F.Muell.) Rye are best considered as distinct 
species. Therefore, I reduced Thecanthes to a synonym of Pimelea, 
and reinstated Pimelea eyrei F.Muell. However,my estimate of the 
phylogeny was still poorly resolved overall with low support, 
particularly with respect to the backbone of the Pimelea clade. I 
demonstrated that careful and considered approaches to analysis are 
able to lead to improved phylogenetic estimates, but concluded that 
the phylogeny of Pimelea would most likely need genome-scale data 
to be resolved. 
Accordingly, in Chapter 6 I generated and analysed a 
plastome-scale data set for 33 Pimelea taxa and eight outgroup taxa. 
Through comprehensive Bayesian and maximum-likelihood 
analyses, I successfully resolved the backbone of the Pimelea 
phylogeny. I also provided even stronger support for my previous 
decision to reduce Thecanthes to a synonym of Pimelea. However, 
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some relationships within Pimelea received only moderate to poor 
support, and the Pimelea clade contained extremely short internal 
branches.  
By using topology-clustering analyses, I demonstrated that 
conflicting phylogenetic signals can be found across the gene trees 
estimated from chloroplast protein-coding genes. This approach has 
recently successfully recovered important, phylogenetically 
informative topological discordance in other groups, including 
marsupials (Duchêne et al. in press). Additionally, a relaxed-clock 
dating analysis revealed that Pimelea arose in the mid-Miocene, with 
most divergences occurring during a rapid radiation. The 
incongruence between gene trees and the rapid radiation early in the 
evolutionary history of Pimelea could both be contributing to the 
difficulty in resolving the Pimelea phylogeny.  
Overall, I have provided a greatly improved estimate of the 
Pimelea phylogeny, which will guide conservation of threatened 
species within the genus, and assist in future taxonomic treatments 
of both the genus and the family Thymelaeaceae. More broadly, 
while plastome-scale data did not lead to substantial improvements 
in estimates of the evolutionary timescale of angiosperms in Chapter 
2, in Chapter 6 I have demonstrated the substantial improvements in 
phylogenetic resolution that can be achieved using plastome-scale 
data sets in plant molecular systematics. 
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7.2. Additional studies 
During the course of my doctoral candidature, I was involved in 
additional projects that were not directly related to this thesis. I was 
the lead author on two resulting publications, and a co-author on two 
others. I will briefly describe these publications in this section; a full 
list of the publications can be found in Appendix 6.  
The first project involved synthesising the results from an 
investigation into the molecular systematics and biogeography of 
Logania R.Br. (Loganiaceae). In its traditional circumscription, 
Logania was divided into two taxonomic sections (Conn 1994; Conn 
1995). All extant taxa are endemic to Australia, and there are several 
examples of disjunct distributions between sister groups occurring in 
the east and west of Australia. I demonstrated that each of the 
sections should instead be recognised as distinct genera, and 
provided some potential biogeographic explanations for the 
distribution of the taxa (Foster et al. 2014b). Subsequently, I made 
the necessary taxonomic changes to elevate L. sect. Stomandra to 
the genus level as Orianthera C.S.P.Foster & B.J.Conn, and made 
new combinations for all constituent species (Foster et al. 2014a). 
The implementation of temporal calibrations is the most 
important component of molecular dating analyses (Ho and Philips 
2009; Sauquet et al. 2012). There are established best-practice 
approaches for calibrating analyses using fossil data (e.g., Ho and 
Phillips 2009; Parham et al. 2012), but the best approach to 
calibration when fossils are not available has been less well studied. 
Therefore, a group of co-authors and I published an overview of the 
different geological and climatic events that can provide informative 
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calibrations, and explained how such temporal information can be 
incorporated into dating analyses (Ho et al. 2015b). 
Finally, in addition to the mystery surrounding the timing of the 
origin and diversification of angiosperms, it has also remained 
uncertain what the first angiosperms looked like (Bateman et al. 
2006; Specht and Bartlett 2009; Doyle 2012). I participated in a 
collaborative study with many researchers from around the world to 
reconstruct the flower of the most recent common ancestor of all 
flowering plants. Using state-of-the-art methods, we provided a 
reconstruction of 27 key morphological traits for our inferred ancestral 
flower, and used this to model the early floral macroevolution of 
angiosperms (Sauquet et al. 2017). 
7.3. Future directions 
In recent years, our understanding of flowering plant evolution has 
improved greatly. We now have more strongly supported estimates 
of the relationships among the major angiosperm lineages than ever 
before, which has allowed broad classification schemes to be 
developed (Angiosperm Phylogeny Group 2016). Additionally, our 
understanding of the angiosperm evolutionary timescale has been 
substantially improved in recent years (Chapter 2; Magallón et al. 
2015). Despite these improvements, however, our knowledge of 
angiosperm evolution is far from complete.  
The majority of estimates of both the angiosperm phylogeny 
and evolutionary timescale have been based on chloroplast data, but 
several recent studies have begun to carry out phylogenetic analyses 
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of angiosperms using nuclear data (Zhang et al. 2012; Wickett et al. 
2014; Zeng et al. 2014; Zeng et al. 2017). Nuclear phylogenies have 
sometimes agreed with those from chloroplast data, but often there 
are strongly supported conflicts (e.g., Folk et al. 2017; Vargas et al. 
2017). Therefore, while chloroplast genomes continue to offer 
valuable insight into plant evolution, it is critical that future studies 
continue to delve into the nuclear genome as well. In addition to 
being far more numerous than chloroplast data, nuclear data are 
beneficial by having the power to resolve relationships at both deep 
and shallow nodes, and by having the ability to reveal processes 
such as incomplete lineage sorting or hybridisation (Vargas et al. 
2017). 
Improvements to our knowledge of the evolutionary timescale 
of angiosperm taxa are unlikely to come only through incorporating 
more nuclear data. I have demonstrated that even with plastome-
scale data, the most important component of molecular dating 
remains the implementation of temporal calibrations (Chapter 2), 
reinforcing previous findings based on smaller multigene data sets 
(Sauquet et al. 2012). Several alternative forms of calibration to 
node-dating approaches already exist, including total-evidence dating 
(TED) and the fossilised-birth-death (FBD) tree prior. TED allows 
fossil taxa to be incorporated into divergence-time analyses, with the 
phylogenetic position of the fossils inferred based on morphological 
characters, and the ages of the fossils informing divergence-time 
estimates (Ronquist et al. 2012a; O’Reilly et al. 2015). While this 
approach has been praised for not requiring ad hoc calibration priors, 
age estimates from TED are often less precise (Wood et al. 2012; 
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Arcila et al. 2015), and potentially less accurate (O’Reilly et al. 2015), 
than node-dating alternatives. The FBD approach is also able to 
explicitly incorporate fossil taxa in analyses, but has the benefit of not 
requiring a morphological data matrix or a model of morphological 
evolution (Heath et al. 2014).  
Both the TED and FBD approaches can potentially 
incorporate many fossils from a particular lineage to inform age 
estimates. This compares favourably to traditional node-dating 
approaches, in which only the oldest fossils from a particular lineage 
can be used to calibrate nodes. However, it is unlikely that node-
dating approaches will be completely superseded by alternative 
approaches. Some authors have argued for node-dating approaches 
to be combined with total-evidence approaches (O'Reilly and 
Donoghue 2016), and, in general, total-evidence methods to node-
dating still require further refinement (O’Reilly et al. 2015). Therefore, 
it is uncertain what impact that alternative calibration approaches will 
have on estimates of the evolutionary timescale of angiosperms. 
The continued generation and analysis of genome-scale data 
clearly represents the future of studies into angiosperm evolution. An 
increase in data from relatively undersampled clades, and 
advancements in phylogenetic methods, will both be of benefit for 
improving our understanding of the evolutionary history of 
angiosperms. I hope that the in-depth methodological assessments 
and novel empirical findings that are presented in this thesis will 
provide a foundation for these future studies. 
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Appendix 1 — Supplementary Material for 
Chapter 2 
The supplementary material from Chapter 2 includes the following:  
• Appendix 1.1. Supplementary materials and methods, including the 
protocols used for DNA extraction, library preparation, and high-throughput 
sequencing. 
• File A1.1. DNA sequence alignment (in NEXUS format) of 76 protein-
coding chloroplast genes from 193 angiosperm (including 11 novel taxa) 
and two gymnosperm outgroup taxa. Gene boundaries are indicated in the 
character set block under the alignment. 
• Figures A1.1–A1.52. Supplementary figures, including 48 NEXUS-format 
tree files (five phylograms, four rategrams, 39 chronograms) that can be 
read in FigTree or a similar program. There is also a PDF with figure 
captions for each of the supplementary figures. 
• Tables A1.1–A1.5. Five supplementary tables, including a table comparing 
previous studies investigating the angiosperm timescale, a table of taxa 
chosen for novel sequencing, a table of all taxa sampled for the study, a 
table of all fossil calibrations used for molecular dating (with appropriate 
references for fossils), and a table comparing the inferred ages for 
important nodes across all analyses within the study. 
 
All supplementary material from Chapter 2 is available from: 
https://github.com/charlesfoster/PhD_Thesis_SupplementaryFiles/tre
e/master/Chapter2_Supplement 
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Appendix 2 — Supplementary Material for 
Chapter 3 
Appendix 2.1. Chloroplast Genome Data Sets 
In Chapter 3, we analysed sequence data from the chloroplasts of 
many angiosperm taxa. The full taxon list and associated GenBank 
accession numbers can be found in Table A2.1. Plots showing the 
number of clusters estimated for Angiospermae, Monocotyledoneae, 
Eudicotyledoneae, Rosidae, and Asteraceae can be seen in Figure 
A2.1. 
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Table A2.1. The sample of taxa used in analyses of chloroplast sequence 
data in Chapter 3 
Data set Species Accession 
Angiospermae Alstroemeria aurea KC968976 
  Arabidopsis thaliana NC_000932 
  
Calycanthus floridus var. 
glaucus NC_004993 
  Camellia sinensis KC143082 
  Ceratophyllum demersum EF614270 
  Chloranthus spicatus NC_009598 
  Cocos nucifera KF285453 
  Colocasia esculenta NC_016753 
  Drimys granadensis DQ887676 
  Illicium oligandrum NC_009600 
  Liquidambar formosana NC_023092 
  Nuphar advena DQ354691 
  Piper cenocladum DQ887677 
  Platanus occidentalis NC_008335 
  Ranunculus macranthus NC_008796 
  Solanum lycopersicum DQ347959 
  Typha latifolia GU195652 
  Zingiber spectabile JX088661 
Eudicotyledoneae Arabidopsis thaliana NC_000932 
  Carica papaya EU431223 
  Citrus sinensis DQ864733 
  Coffea arabica EF044213 
  Daucus carota DQ898156 
  Helianthus annuus NC_007977 
  Liquidambar formosana NC_023092 
  Nelumbo lutea FJ754269 
  Oenothera argillicola EU262887 
  Platanus occidentalis NC_008335 
  Ranunculus macranthus NC_008796 
  Salvia miltiorrhiza JX312195 
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  Solanum lycopersicum DQ347959 
  Tetracentron sinense NC_021425 
  Trochodendron aralioides KC608753 
Monocotyledoneae Acidosasa purpurea HQ337793 
  Aegilops cylindrica KF534489 
  Agrostis stolonifera EF115543 
  Anomochloa marantoidea GQ329703 
  Arundinaria appalachiana KC817462 
  Bambusa emeiensis HQ337797 
  Brachypodium distachyon EU325680 
  Dendrocalamus latiflorus FJ970916 
  Deschampsia antarctica KF887484 
  
Ferrocalamus 
rimosivaginus HQ337794 
  Festuca altissima JX871939 
  Hordeum vulgare NC_008590 
  Indocalamus longiauritus HQ337795 
  Leersia tisserantii JN415112 
  Lolium multiflorum JX871942 
  Oryza rufipogon JN005832 
  Panicum virgatum HQ822121 
  Pharus lappulaceus KC311467 
  Phragmites australis KF730315 
  Phyllostachys edulis HQ337796 
Rosidae Arabidopsis thaliana NC_000932 
  Azadirachta indica KF986530 
  Brassica napus NC_016734 
  Carica papaya EU431223 
  Citrus sinensis DQ864733 
  Cucumis sativus NC_007144 
  Fragaria chiloensis JN884816 
  Liquidambar formosana NC_023092 
  Manihot esculenta NC_010433 
  Morus indica DQ226511 
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  Oenothera argillicola EU262887 
  Pentactina rupicola JQ041763 
  Theobroma cacao HQ336404 
Asteraceae Ageratina adenophora JF826503 
  Artemisia frigida JX293720 
  Chrysanthemum indicum JN867592 
  Guizotia abyssinica EU549769 
  Helianthus annuus NC_007977 
  Jacobaea vulgaris HQ234669 
  Lactuca sativa AP007232 
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Appendix 2.2. Mammalian Genome Data Set 
We tested the performance of the VBGMM and the DPGMM models 
in an analysis of a mammalian genome data set from Duchêne and 
Ho (2015), using the method described in the main text. The data set 
consists of 431 gene trees with the same topology from 29 
mammalian taxa. The mixture model with highest statistical fit, 
according to the BIC, was the DPGMM with a diagonal covariance 
matrix, with eight clusters. The number of clusters inferred by the 
different methods ranged from two in the VBGMM with spherical 
covariance matrix, to 13 using the PAM algorithm (Table A2.2). We 
assessed the robustness of these estimates by simulating data from 
DPGMM with seven clusters and a diagonal covariance matrix. We 
conducted 100 simulation replicates, and we analysed each replicate 
using the DPGMM and PAM algorithms. The DPGMM algorithm 
recovered the correct number of clusters (k=7) in 60% of the 
simulations. In contrast, the PAM algorithm estimated six clusters for 
51% of the simulations, resulting in a slight underestimation of the 
number of clusters (Table A2.3).  
 
  
 224 
 
Table A2.2. Estimated number of clusters (k) of branch-length patterns 
among genes in 431 mammalian genes, estimated using different clustering 
methods and covariance matrices. 
Model Covariance matrix BIC k 
VBGMM Diagonal 75396.8 3 
VBGMM Spherical 57622.3 2 
DPGMM Diagonal 36236.1 8 
DPGMM Spherical 206216.1 3 
PAM – – 13 
Data sets were analysed with the variational inference Gaussian mixture model 
(VBGMM), Dirichlet process Gaussian mixture model (DPGMM), and partitioning around 
medoids (PAM). The Bayesian information criterion (BIC) was used to compare the fit of 
the mixture models to each data set, with the best-fitting model shown in bold.  
 
 
 
Table A2.3. Estimated number of clusters (k) of branch-length patterns 
among genes in data simulated under two (k=2) and eight (k=8) clusters. 
Simulation model True k kmixture 
Frequency of 
kmixture 
kPAM 
Frequency 
of kPAM 
DPGMM 
(Diagonal) 
7 7 0.60 6 0.51 
Results are based on analyses of 100 simulations under the model fitted to each of the 
five chloroplast data sets. In all cases, the most frequently chosen mixture model was the 
VGBMM with a spherical covariance matrix (frequency of 1.00). kmixture is the most 
frequent k for analyses of the data simulated using mixture models. kPAM is the most 
frequent k for the analyses using the PAM algorithm, with its corresponding frequency. 
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Appendix 3 — Supplementary Material for 
Chapter 4 
The supplementary material from Chapter 4 includes the following:  
• File A3.1. DNA sequence alignment (in NEXUS format) of 79 protein-
coding chloroplast genes from 52 angiosperm and two gymnosperm 
outgroup taxa. Gene boundaries are indicated in the character set block 
under the alignment. 
• Figures A3.1–A3.8. Eight supplementary figures in PDF format. 
Corresponding figure captions can also be found in a PDF document. 
• Tables A3.1–A3.2. Two supplementary tables: 1) A table of all taxa 
sampled for the study; and 2) A table with the mean age estimates and 
associated measurements of precision across all values of k for all clock-
partitioning schemes, as well as the standardised percentage improvement 
between k=1 and k=20. 
 
All supplementary material from Chapter 4 is available from: 
https://github.com/charlesfoster/PhD_Thesis_SupplementaryFiles/tre
e/master/Chapter4_Supplement 
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Appendix 4 — Supplementary Material for 
Chapter 5 
The supplementary material from Chapter 5 includes the following:  
• File A4.1. DNA sequence alignment (in NEXUS format) of five protein-
coding chloroplast genes from 230 Thymelaeaceae taxa. Gene boundaries 
are indicated in the character set block under the alignment. 
• Figures A4.1–A4.20. The 20 supplementary figures referred to in Chapter 
4, provides as NEXUS-format tree figures. Corresponding figure captions 
for each are provided in a PDF document. 
• Tables A4.1–A4.2. Two supplementary tables: 1) A table of all taxa 
sampled for the study; and 2) A table with the putative rogue taxa identified 
by RogueNaRok. 
 
All supplementary material from Chapter 5 is available from: 
https://github.com/charlesfoster/PhD_Thesis_SupplementaryFiles/tre
e/master/Chapter5_Supplement 
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Appendix 5 — Supplementary Material for 
Chapter 6 
The supplementary material from Chapter 6 includes the following:  
• File A5.1. DNA sequence alignment (in NEXUS format) of protein-coding 
genes and non-coding molecular markers (86,941 nucleotides) from the 
chloroplasts of 33 Pimelea taxa and eight Thymelaeaceae outgroup taxa. 
Gene boundaries are indicated in the character set block under the 
alignment. 
• Figures A5.1–A5.18. 14 supplementary figures in PDF format, and four 
NEXUS-format tree figures. Corresponding figure captions can also be 
found in a PDF document. 
• Tables A5.1–A5.2. Two supplementary tables: 1) A table listing the taxa 
used within the study and their corresponding vouchers and GenBank 
accessions, where appropriate; and 2) A table listing the genes analysed in 
the study, including the assignment of our subset of protein-coding genes 
to clusters within a topology-clustering analysis. 
 
All supplementary material from Chapter 6 is available from: 
https://github.com/charlesfoster/PhD_Thesis_SupplementaryFiles/tre
e/master/Chapter6_Supplement 
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Appendix 6 — List of Additional Publications 
During my PhD candidature, I was a lead or co-author on four 
publications that were not directly related to this thesis. These 
publications are listed below. 
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